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1. Introduction

Methyl naphthalene and n-decane have been -assigned as
two ingredients that together. can simulate the chemical con-
sistency of diesel fuel for combustion kinetic modeling
purposes.*® In the past, methyl naphthalene has been a pri-
mary reference for diesel fuel and assigned a cetane number
of zero. Primary reference fuels are used to rate the ignition
properties of diesel fuel. Although methyl naphthalene’s
abundance in diesel fuel is only 1%—2%, so are all the other
fuel ingredients, and among the 60—70 main compounds in-
cluded in this blend, only very few have higher concentra-
tions. Thus, the act of choosing methyl naphthalene as one of
two chemicals to represent diesel fuel is to some extent ar-
bitrary.

The thermodynamic properties of many of the naphthalene
derivatives necessary for the combustion kinetic modeling
are unknown. It was therefore undertaken in this study to
investigate the thermodynamic properties of the following
species:

Naphthalene: C;oHs,

1-naphthyl radical: C;gHy-,

Naphthyne: CyoHg,

1,2 dihydro-naphthalene: C,oH;q,

1-hydro naphthalene radical: C;oHyge,

1-methyl naphthalene: C,oH;CHj,
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1-methyl naphthyl radical: C;,H,CH,-,

1-ethyl naphthalene: C,oH,C,H;,

a-ethyl naphthyl radical: C,oH,CH,CH,-

B-ethyl naphthyl radical: C,,H,CH-CHj,

1-vinyl naphthalene: C,;oH,C,Hs,

a-vinyl naphthyl radical: C;(H,CH=CH- trans,

B-vinyl naphthyl radical: C;oH;C-=CH,,

1-ethynyl naphthalene: C,,H,C,H,

1-ethynyl naphthalene radical: CoH;Cye,

1-naphthol: C;oH,;0H,

1-naphthoxy radical: C;,H;0-,

1-naphthyl ethanol: C,,H,C,H,OH,

1-naphthaldehyde: C;H,CHO,

1-naphthaldehyde radical: C;(H,C-=0,

4-ethynyl-phenyl-1-vinyl radical: HC=C-C¢H,-CH=CH-.

Naphthalene, methyl naphthalene, and ethyl naphthalene
have been calculated by Pitzer and co-workers;>> and then
recalculated by Stull ef al.,*6 The fundamental properties of
naphthalene have been calculated from experimental vibra-
tions by Chen ef al.'? and calculated by Melius®' and by
Wang and Frenklach.*”*® The naphthyl radical was calcu-
lated by Marinov et al,”® Melius,”® and Wang and
Frenklach,*® naphthol was calculated by Kudchadker et al.*
naphthol and the naphthoxy radical were estimated, using
Benson’s group values, by Marinov et al 2 dihydro-
naphthalene was calculated by Dorofeeva and Gurvich'® and
naphthyne, dihydro naphthalene, the vinyl naphthyl radical
as well as the 4-ethynyl-phenyl-1-vinyl radical by Wang and
Frenklach.*®

In the past, ab initio methods were by far more accurate
than semiempirical ones, but lately the difference between
the two has been narrowed, and the semiempirical methods
of today are almost as good as the ab inifio ones regarding
the optimization of a molecule’s structure and the estimation
of its vibrations. Howcver the estimation of the enthalpies of
formation are still unacceptable by semiempirical methods.

In this article the fuondamental vibrations, the bond lengths
and the moments of inertia of all the molecules were calcu-
lated using MOPAC 6** semiempirical methods, PM3 (param-
eter method 3), AM1 (Austin method 1), and AM1/UHF as
well as the Gaussian 94%! ab initio method. Calculations
were performed with Gaussian, gradient corrected density
functional theory (DFT). Two exchange and- correlation
functionals were used in the DFT, BPW91 and the older
BP'86 with the D95V and 6-31G(d,p) basis scts, respectively.
The results have been compared to each other, to existing
experimental or ab initio calculations, or to infrared (JR)
spectra published in the National Institute of Standards and
Technology (NIST) 1997 WebBook.! The MOPAC and
Gaussian methods were used to obtain data where experi-
mental ones were not available or in order to compare them
against the experimental evidence. o

The enthalpies of formation were treated in each case
separately as reported below. Finally, our recommendations
were made and the thermodynamic tables were calculated
accordingly. .

Generally, Gaussian ab initio calculations are widely ac-

cepted as trustworthy methods. At the same time, it is known
that these calculations are hard to perform and extremely
time consuming on big molecules like naphthalene deriva-
tives.

On the other hand, MOPAC calculations, while less accu-
rate theoretically, provide very similar results to the Gauss-
ian ones, in only a fraction of the time.

Our discussion distinguishes between stable molecules on
one hand and radicals on the other.

1.1. Stable Molecules

Stable molecular are easier to calculate. All the electrons
in these molecules are paired, and therefore calculating re-
stricted Hartree—Fock (RHF) conditions and unrestricted
Hartree—Fock (UHF) for the same semiempirical method,
PM3 or AM1, should give the same result. Thus the spin
contamination should be zero. All deviations imply higher
uncertainties of the calculated data. The AM1 method is sup-
posedly better adjusted for compounds including only carbon
and hydrogen, while PM3 is better adjusted to handle mol-

~ ecules including oxygen as well.¥ Neither AM1 nor PM3

was adjusted for polyaromatic moleccules.* Therefore the on-
closed data can be used for evaluating the two methods for
naphthalene derivatives.

1.2. Radicals

All the radicals have unpaired electrons and therefore the
calculations may have spin contamination. The spin contami-
nation is listed in the UHF calculations if it differs from $2
=0.75.% This is another source of inconsistency in the re-
sults.

1.3. Structure

In Table 1, the structural formula and the bond length of
each species are given, as found by the MOPAC semiempirical
methods.

1.4. Choice of Isomers

As was stated by Alberty and Bloomstein,” the equilibrium
abundance of 1-methyl naphthalene and 2-methyl naphtha-
lene is approximately 1/3 and 2/3, respectively, at room tem-
perature and rcaches equal abundance above 1000 K.

At the same time the abundance of 1-ethyl naphthalene
and 2-ethyl naphthalene is equal at all temperatures. From all
the data gathered,2’31’33’46 it is clear that the differences in the
thermodynamic values of two different isomers (1-naphthyl
radical and 2-naphthyl radical, 1-methy! naphthalene and
2-methyl naphthalene) are between a quarter to a half of the
+ error value of the thermodynamic calculation, i.e.,
+0.2kcal/mol at 298 K. It was found, therefore, that it is
completely unnecessary to calculate separate values for the
different isomers. The present isomers although calculated
for the 1 or a position can be used with confidence for the 2
or [3 position as well.

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLE 1. Interatomic djstances in A and configuration of species as calculated by the MOPAC program.
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2. Calculations

The thermodynamic calculations were made with the
McBride and Gordon® pace? thermodynamic program using
the rigid rotor harmonic oscillator (RRHO) approximation.
This method uses fundamental vibrations, moments of iner-

dJ. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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tia, enthalpies of fonmation at 298 K and interual rotation
values if pertinent. Where needed, the calculated fundamen-
tals were supplemented with internal rotation information
taken from benzene like molecules because the parallel naph

thalene data were not available, or because they were diffi-
cult to calculate. The results of the calculations are presented
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TaBLE 1. Interatomic distances in A and configuration of species as calculated by the MOPAC program—Continued.
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for each species in a table for the following properties: C,,
the heat capacity, Hy—H,gg the enthalpy, S the entropy,
—(Gr—H293)/T, Hy the absolute enthalpy, A H(T) the en-
thalpy of formation, and log K|, the equilibrium of formation
constant from reference elements which are presented as
functions of T. Hy is a function used in engineering and is
equal to

1,Ethynyl Naphthalene Radical

Hyp=AH g+ (Hr— Hygg).

In each case, the experimental inputs, if available, were pre-
ferred. Thus, in the case of naphthalene the widely accredited
experimental assignment of Chen ez al.'*> was checked and
compared to the IR experimental reading. In the rest of the
cases, the IR spectrum was used and the missing vibrations

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLE 1. Interatomic distances in A and configuration of species as calculated by the MoPAC program—Continued
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were taken from Gaussian 94 calculations. If no IR spectra
were available, then the Gaussian 94 vibrations were ac-
cepted, and the moments of inertia were sometimes preferred
from AM]1 rather than from Gaussian 94. Additional internal
moments of inertia and rotation barriers had to be used for
the branches outstretched of the main naphthalene rings.
These data are not readily available either from MOPAC or
from the Gaussian 94 programs used as part of the standard

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000

a,8 Dihydro-Naphthalene

output. Therefore the data from benzene like counterparts
were used as listed in Table 2. These properties were calcu-
lated by Melius and exist in his database®! but were not made
available to the public. In some instances it was possible to
calculate the internal moments-of inertia from the molecule’s
structure using the Brinkmann and Burcat® program. For en-
thalpies of formation, existing experimental values were pre—
ferred over other values.
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TaBLE 1. Interatomic distances in A and. configuration of species as calcu-
lated by the MOPAC program—Continued

2
= Q-
-

[+
co

1, Ethanol Naphthalene

TABLE 2. Internal rotation values for different benzene species. The values
in parentheses are the internal rotation symmetry

V(x)

Species I? (kcal/mole) Reference
C¢Hs—OH phenol 1.2236 (2) 3.468 8’
C;H;O benzaldehyde 144 (2) 49 3
C,Hjg toluene 5.1387 (3) 0.01 b
C,H, toluene v 0.013 25
CeHsC=CH 0. 6
CeHsC=C- 0. 6
CH;CH=CH, 33.9278 6
C¢HsCH=CH, () 3.06 23
CoH,CH=CH- trans 19.613 85 @) 1.4 b
CgHsCH=CH- trans 27.3405 6
CeHs—C,Hs 44.728 13 : 6
CeHs—~C,Hs (2) 28 4
CoH,—C,H, 1.53 25
C¢H;CH,~CH, 4.17138 6
C¢H;CH,-CH, (3) 28 4
C¢H;CH,~CH, . 3.25 25
C.H, CH,CH, 36.8853 G
CgHs-CH,CH,- ) 3.0 4
C¢H,CH,—CH,- 2.761 6
CHsCH,~CH,* : (3) 3.0 4
C¢Hs—CH-CH, 40.3467 6
C¢H;—CH-CH, ) 29 4
C¢H;~CH,CH,0H 202.848 6
C¢Hs—CH,CH,0H 2) 2.87 12
C¢HsCH,~CH,0H 47.5277 6
C¢HsCH,~CH,0H @) 275 12
C¢H;CH,CH,-OH 1.39517 6
C¢HsCH,CH,-OH (1) 1.03 12

*The dimensions of /, are g cm?*Xx10™%.
PThese values were obtained as private communications and are unavailable
to the public.

3. The Individual Substances
3.1. Naphthalene: C;oHg

Naphthalene is the best known and most investigated of all
its derivatives and radicals. The experimental values for
naphthalene have been reported by Chen et al.'?> An exten-
sive literature search was reported by Dorofeeva and
Gurvich.''® The calculations reported here were done for
calibration and comparative purposes, since its thermo-

_dynamics are well known.

As seen in Table 3, the vibrations calculated with Gauss-
ian 94 if multiplied by 0.91 compare well with the experi-
mental values quoted by Chen et al.'?> However the BP86/6-
31G calculations need no scaling. Indeed, the

‘thermodynamic calculations with BP86/6-31G showed a dif-

ference of about 0.3—0.5 calories from the values calculated
with Chen’s vibrations for C, the heat content and S the
entropy. The values of Melius also fit very well, as they have
been already scaled.* The moments of inertia of the MOPAC/
PM3 calculation fit better than the rest to the experimental
value, although the differences between PM3 and AM1 or
AMI/UHF are small. Due to the S*=0.7451 value the mol-
ecule is ““UHF unstable’ and this is probably caused by the
fact that the MOPAC programs are not calibrated or intended
to calculate polyaromatic species. Melius gives an erroneous
spin value of 1. The MOPAC enthalpies of formation are 4
kcal/mol higher than the experimental value and Melius’ en-
thalpy of formation is surprisingly 10.5 kcal/mol lower.
Table 3 lists all the literature and calculated molecular vibra-
tions, moments of inertia and enthalpies of formation of
naphthalene. Table 4 lists the ideal gas thermodynamic val-
ues of naphthalene according to experimental data.

3.2. 1-Naphthyl Radical: C;¢H;-

The existing calculations of fundamental data for the
naphthyl radical are those of Melius®! and of Wang and
Frenklach.”®* We are unaware of other thermodynamic values
available. The agreement of Wang and Frenklach’s vibra-
tions after adjustment by 0.9 fits well Melius’s and the AM1
calculations. The PM3 results are not far behind. Melius’s
moments of inertia agree better with the PM3 calculation.
Marinov et al.’s® enthalpy of formation is in excellent

- agreement with that of Wang and Frenklach, the PM3 calcu-

lation agrees with the NIST 94*? prediction. For the thermo-
dynamic calculations, the Gaussian 94 BP86/6-31G(d,p) set
of vibrations and the AM1 moments of inertia were pre-
ferred. Table 5 lists all the literature and calculated molecular
vibrations, moments of inertia and enthalpies of formation of

 the a-naphthyl radical. Table 6 lists the thermodynamic val-

ues of the a-naphthyl radical.

3.3. 1,2-Naphthyne: CoH;

No calculations for this species are known. The enthalpy
of formation was estimated by Wang and Frenklach.*® It was

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLE 3. Fundamental vibrations, moments of inertia and enthalpies of formation of naphthalene. The proper-
ties marked in bold were chosen for thermodynamic calculations

PM3
158 160 336 392 429 463 522 524 544 636 744 748
799 809 850 911 912 920 953 980 1002 1019 1087 1115
1124 1128 1156 1157 1186 1232 1276 1412 1447 1487 1585 1594
1679 1779 1797 1830 3051 3052 3053 3055 3065 3066 3077 3077

AM1
165 167 349 403 443 480 547 548 553 664 754 782
838 853 894 938 956 964 968 987 1000 1007 1167 1174
1190 1206 1210 1211 1284 1320 1356 1460 1475 1533 1610  1620°
1694 1757 1794 1807 3182 3183 3184 3185 3190 3191 3199 3200

AM1 UHF

139 161 333 399 425 460 514 540 545 63> 126 764
811 847 865 907 930 937 952 960 967 973 1162 1168
1183 1201 1203 1210 1279 1317 1381 1447 1451 1509 1524 1579
1649 1672 1709 1710 3167 3179 3186 3187 3189 3195 3198 3203

Melius UHF

167.8 1835 3473 3854 4638 4775 4921 4951 6022 6114 7244 7422
7620 7673 7917 842.6 886.6 913.1 9599 964.3 9802 997.0 9974 1003.8
1065 1112 1137 1149 1171 1226 1241 1318 1328 1377 1449 1452
1503 1592 1613 1647 2991 2994 2995 3000 3010 3012 3022 3024

IR spectrum (NIST 97)
477 625 625 692 773
830 868 948 1016
1126 1225 1272 1393 1507 1600 1665

1665 1720 1770 1838 1891 = 1943 2969 3003
Gaussian 94 BPW91/D95V

188 203 386 430 516 529 546 550 668 680 803 827

851 853 880 935 98¢ 1013 1069 1075 1094 1102 1107 1110
1182 1235 1259 1274 1301 1362 1380 1464 14838 1525 1606 1609
1672 1776 1790 1834 3356 3358 3361 3366 3376 3378 3389 3390

Gaussian 94 BP86/6-31G(d,p)

170 182 351 382 462 473 500 - 506 613 613 705 754
756 772 783 819 863 907 916 923 944 951 1018 1026
1118 1141 1150 1151 1216 1230° 1251 1377 1389 1389 1453 1453
1516 1576 1602 1631 3092 3093 3095 3098 3111 3111 3124 3125

Chen, Kudchadker, and Wilhoit (Ref. 12)

176 191 359 386 466 472 506 512 581 617 725 761
778 782 . 841 876 877 936 95¢ - 958 970 980 1008 1025
1125 1144 1145 1168 1209 1242 1265 1361 1380 1389 1443 1463

1509 - 1577 1595 1628 3027 3030 3058 3060 3060 3065 3090 3092

Principal moments of inertia/10™* gm-cm?

Method I, I, 1.
PM3; o(total) =4 268.138347 675.958599 944.096056
AM1 269.087662 679.796075 948.883613
AM1 UHF 270.065888 683.017483 953.081537
Melius UHF 265.4047 673.8699 939.2750
Gaussian 94 BPW91/D95V 266.867 676.891 943.7586
BP86/6-31g 272.2750 : 689.35472 961.62974
Chen et al? 268.532 674.189 942.721

Dorofeeva and Gurvich'®-1,4,1,=174X 107 and a(total) =4

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLE 3. Fundamental vibrations, moments of inertia and enthalpies of formation of naphthalene. The proper-
ties marked in bold were chosen for thermodynamic calculations—Continued.

Enthalpy of formation/kcal-mol ™!

Method AH°(0K) AH°(298.15K) AH®(300K)
PM3 40.68
AMI1 40.59
AM1 UHF (spin=0.00; 5?=0.7451) 38.74
Melius™ (spin=1; §?=1.012) 31.04 25.22
NIST 94%% 36.0
Gaussian 94%' BP86/6-31G 29.94
Colomina et al.'® - 359+0.3
Alberty and Bloomstein'? 36.08
Dorofeeva and Gurvich®? 3592
Expcrimental value!225 3599

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ™! Tonization potential/eV
PM3 92.100 8.835
AM1 95.336 8.712
AM1 UHF 93.976 8.964
Gaussian 94 BP86/6-31g 89.88951*
Colomina et al.'? 8.13%0.1

* zero point vibrational energy

decided to use-the vibration values of Gaussian 94 BP86
unscaled, and the moments of inertia, and to accept Wang
and Frenklach’s estimate for the enthalpy of formation. The
5%=1.9148 state shows a triplet condition for the AM1-UHF
calculation, thus it is a UHF unstable molecule.”® Table 7
lists all the literature and calculated molecular vibrations,
moments of inertia and enthalpies of formation of 1,2-
naphthyne. Table 8 lists the thermodynamlc data calculated
for 1,2-naphthyne.

3.4. 1,2-Dihydro-Naphthalene: 1,2-C;oH;,

This species was calculated by Dorofeeval? by estimating
the vibrations. Dorofeeva’s values were reproduced in a TRC
(Thermodynamics Research Center, Texas A&M University)
monograph by Frenkel ef al.?® In our MOPAC calculations,
the $2=0.4793 value found is better than for most other
stable molecules. Marinov’s?®  enthalpy of formation
AfH298—31 6kcal/mol, is probably high, but Dorofeeva’s
estimate’® of A H 295= 34.4 kcal/mol, 1s even higher. There-
fore, the old Pedley and Rylance value® AfH o8
=28.0kcal/mol, was chosen. The Gaussian 94 vibrations
and the moments of inertia were used. Tablc 9 lists all the
literature and calculated molecular vibrations, moments of
inertia and enthalpies of formation of 1,2-dihydro-
naphthalene. Table 10 lists the thermodynamic data calcu-
lated for 1,2-dihydro-naphthalene.

3.5. 2-Hydro-Naphthalene Radical: 2-C,oHy-

This species was estimated by Marinov ez al.?® using Ben-
son’s group additivity method.* There is no other literature

quotation. The $?=1.380 shows a halfway condition be-
tween a doublet and a triplet. Thus this radical can be also
declared as UIIT unstable. The Gaussian 94 vibrations and
moments of inertia were used. Marinov et al.’s® enthalpy of
formation, A (H 3= 54.86 kcal/mol, matches well the Gauss-
ian 94 estimate as well as the PM3 value. Table 11 lists all
the literature and calculated molecular vibrations, moments

-of inertia and enthalpies of formation of the 2-hydro-

naphthalene radical. Table 12 lists the thermodynamic data
calculated for the 2-hydro-napthalene radical.

3.6. 1-Methyl-Naphthalene: 1-C;yH;,CH;

Methyl-naphthalene was first calculated by Pitzer and
co-workers,> then recalculated by Stull et al.,* and can be
easily and quite accurately estimated using Benson’s group
additivity methods (in Ref. 2, and the THERM program*’).
In addition, the IR spectrum is available in the NIST
WebBook'. For the thermodynamic caiculations the IK val-
ues were adopted and supplemented with values from the
Gaussian 94 calculation. The AM1 values for the moments
of inertia were taken since they show a more packed result.
The NIST 97 experimental value, AH(298)
=27.75 kcal/mol, was adopted. The internal rotation mo-
ment of inertia and rotation barrier were taken from toluene
(Melius, private communication). The rotation barrier was
recently confirmed by Lagowski ez al.?® Table 13 lists all the
literature and calculated molecular vibrations, moments of
inertia and enthalpies of formation of 1-methyl-naphthalene.
Table 14 lists the thermodynamic data -of 1-methyl-
naphthalene.
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TaBLE 4. Thermodynamic properties of C,oHg naphthalene (mol wt=128.173 520)

T o Hr—Hjgg St —(Gr—Ho)/ T Hr AHy Log K

(K) (J/mol K) (kJ/mol) (Jfmol K) (J/mol K) (kJ/mol) (kJ/mol)

0 e —20.713 e e 129.869 174.276 ——emee
100 46.939 —16.982 247.936 417.753 133.600 165.398 —94.9783
200 84.223 —10.572 290.895 343.753 140.010 157.762 —52.5630
298.15 131.920 0.000 333.267 333.267 150.582 150.582 —39.2717
300 132.840 0.245 . 334.086 333.269 150.827 150.457 —39.1092
400 180.079 15.941 378.913 339.062 166.523 144.298 —32.6861
500 219.747 36.002 423513 351.510 186.584 139.401 —28.9794
600 251.537 59.626 466.497 367.121 210.208 135.534 —26.5848
700 277.015 86.099 507.255 384.257 236.681 132.531 —249177
800 297.740 114.871 545.644 402.055 265.453 130.279 —23.6924
900 314.859 145.527 581.732 420.035 296.109 128.693 —22.7532

1000 329.173 177.749 615.668 437.919 328.332 127.659 —22.0092
1100 341.247 211.287 647.624 455.545 361.869 127.101 —21.4046
1200 351.503 245.938 677.768 472.319 396.520 126.930 —20.9020
1300 360.264 281.538 706.258 489.691 432.120 127.066 —20.4773
1400 367.785 317.950 733.239 506.132 468.532 127.421 —20.1115
1500 374.274 355.061 758.840 522.133 505.643 127.970 —19.7946
1600 319.896 392.716 183.119 537.694 543.358 128.641 —19.5157
1700 . 384.790 431.016 806.360 552.822 581.598 129.389 —19.2678
1800 389.068 469.713 828.478 567.526 620.295 130.190 —19.0463
1900 392.823 508.812 849.617 581.821 659.394 131.011 —18.8469
2000 396.134 548.263 869.852 595.720 698.845 131.832 —18.6658
2100 399.063 588.026 889.252 609.239 738.608 132.634 —18.5017
2200 401.665 628.065 907.877 622.393 778.647 133.387 —18.3511
2300 403.985 668.349 925.784 635.197 818.932 134.102 —18.2131
2400 406.061 708.854 943.022 647.666 859.436 134.752 . —18.0863
2500 407.924 749.555 959.637 659.815 900.137 135312 —17.9683
2600 409.602 790.432 975.669 671.657 941.014 135.812 —17.8593
2700 411.117 831.469 991.157 . 683.205 982.052 136.213 —17.7584
. 2800 412.490 872.651 1006.133 694.472 1023.233 136.522 -~ 17.6644
2900 413.737 913.963 1020.630 705.470 1064.545 136.732 —17.5761
3000 414.873 955.395 1034.676 716.211 1105977 136.815 —17.4935
3100 415910 996.935 1048.297 726.705 1147.517 136.823 —17.4173
3200 - 416.860 1038.574 1061.516 736.962 1189.156 136.698 —17.3452
3300 417.731 1080.304 1074.357 746.993 1230.886 136.460 —17.2775
3400 418.532 1122.118 1086.840 756.805 1272.700 136.106 —17.2140
3500 419.270 1164.008 1098.983 766.409 1314.591 135.614 —17.1547
3600 419.952 1205.970 1110.804 775.812 1356.552 135.014 —17.0982
3700 420.582 1247.997 1122.319 785.022 1398.579 134273 —17.0457
3800 421.167 1290.085 1133.543 794.047 1440.667 133.402 ~16.9956
3900 . 421.709 1332.220 1144.490 802.893 1482.811 132.406 —16.9401
4000 422.213 1374425 1155173 811.567 1525.007 131.252 —16.9046
4100 422.683 1416.670, 1165.605 820.075 1567.253 129.989 —16.8634
4200 423.122 1458.961 1175.796 828.424 1609.543 128.576 —16.8242
4300 423.531 1501.294 1185.757 8;56.619 1651.876 127.012 —16.7868
4400 423914 1543.666 1195.498 844.665 1694.248 125.277 —16.7516
- 4500 424273 1586.076 1205.028 852.567 1736.658 123.430 ~16.7189
4600 424.610 1628.520 1214.357 860.331 1779.102 121.446 —16.6879
4700 424.926 1670.997 1223.492 867.961 1821.579 119.331 —16.6588
4800 425.224 1713.505 1232.442 875.462 1864.087 117.078 —16.6318
4900 425.504 1756.041 1241.213 882.837 1906.624 114.691 —16.6063
5000 425.768 1798.605 1249.812 890.091 1949.187 112.066 —16.5816
5100 426.018 1841.195 1258.245 897.227 1991.777 109.422 —16.5598
5200 426.253 1883.808 1266.520 904.249 2034.390 106.576 —16.5384
5300 426.476 1926.445 1274.642 911.161 2077.027 103.589 —16.5185
5400 426.687 1969.103 1282.615 917.967 2119.685 100.464 —16.4999
5500 426.887 2011.782 1290.446 924.668 2162.364 97.201 —16.4825
5600 427.076 2054.480 1298.140 931.269 2205.062 93.798 —16.4662
5700 427.256 2097.197 1305.701 937.772 2247.779 90.263 —16.4513
5800 427.427 2139.931 1313.133 944.179 2290.513 86.594 —16.4373
5900 427.589 2182.682 1320.441 950.495 2333.264 82.794 —16.4243
6000 427.744 2225.449 1327.629 956.721 2376.031 78.869 -16.4124
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TABLE 5. Fundamental vibrations, moments of inertia and enthalpies of . formation of 1-naphthyl radical. The
properties marked in bold were chosen for thermodynamic calculations

PM3
104 170 356 368 395 479 508 521 602 628 753 765
796 819 900 913 919 936 962 978 1015 1067 1094 1116
1148 1169 1199 1241 1281 1399 1447 1480 1585 1607 1663 1765
1809 1893 3005 3052 3064 3079 3085 3096 3100
AM1
167.4 184 373 392 466 507 545 554 632 662 767 814
853 867 932 944 956 962 976 998 - 1007 1149 1167 1187
1205 1211 1244 1295 1326 1436 1469 1506 1603 1623 1668 1738
1796 1879 3182 3185 3189 3195 3198 3201 3227

AM1 UHF

158 162 342 390 416 474 514 536 545 648 715 774
802 843 872 897 932 940 942 945 964 1143 1158 1130
1193 1206 1233 1290 1372 1415 1456 1490 1531 1566 1593 1653
1697 1776 3183 3183 3188 3192 3198 3199 3218

Melius™!
163.8 186.6 343 387 454 487 491 494 594 597 724 744
754 761 788 852 891 899 949 954 983 988 994 1075
1104 1139 1162 1164 1225 1300 1323 1348 1414 1442 1484 1538
1592 1632 2995 2997 3005 3012 3016 3024 3026

Wang and Frenklach®®
182 208 373 375 422 512 515 526 527 626 713 787
806 834 899 910 912 946 964 970 995 1089 1106 1121
1135 1145 1171 1228 1247 1353 1390 1424 1506 1531 1569 1641
1698 1777 3014 3027 3029 3035 3037 3039 3063

Gaussian 94 BP86/6-31g(d,p)
166 131 347 336 444 489 490 508 588 609 705 742
753 760 775 830 857 898 913 925 949 1017 1028 1106

1139 1146 1167 1218 1234 1339 1350 1384 1418 1446 1487 1548
1599 1623 3093 3094 3106 3107 3117 3119 3129 )

Principal moments of inertia/10™* gm-cm?

Method I, I, I,
PM3 252.167168 681.258370 933.276813
AM1 253.426871 684.922226 938.348672
AM1 UHF (spin=0.5; $2=1.702625) 254766017 688.679871 943.439752
Melius (spin=2; 52=0.881) 252.2865 677.0342 929.8988
Gaussian 94 258.97458 691.79392 950.7675
Wang and Frenklach* I1,I,=165063.33x107'17
Enthalpy of formation/kcal-mol ™

Method AH(0K) AH°(298.15K) AH°(300K)
PM3 _ 95.74
AM1 98.29
AM1 UHF 88.78
Melius™ 103.73 98.94
Gaussian 942! 88.30
Wang and Frenklach*’ 94.7
NIST 94 95.8
Marinov?® ' 94.50

Zero Point Energy and Jonization Potential

Method Zero point energy/keal-mol ! Ionization potential/eV
PM3 85.314 10.22693
AM1 87.773 9.13961
AM1 UHF 85.934
Gaussian 94 BP86/6-31g 81.951*

*zero point vibrational energy
J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLE 6. Thermodynamic properties of the C;oH; - naphthyl radical (mol wt=127.165 580)

T C, . Hy—Hyy Sy —(Gp=Hag)I T Hy AHy
(K) (J/mol K) (kJ/mol) (I/mol K) (J/mol K) (ki/mol)  (kJ/mol) Log K
0 ——————- —20980 - —mmeen 375.245 415418 -
100 47.778 —17.207 265.561 437.636 379.017 408.080 —218.1882
200 85.702 -10.680 309.304 362.705 385.545  401.909 —112.2458
298.15 132.216 0.000 352.133 352.133 396.225  396.225 —77.9078
300 133.089 0.245 352.953 352.135 396470  396.127 —77.4799
400 177.170 15.817 397.445 357.903 412.042 391.295 ~60.3361
500 213.306 35.409 441.014 370.196 431.634  387.391 —50.1659°
600 241.941 58.227 482.536 385.491 454452  384.183 —43.4477
700 264.815 83.606 521.612 402.176 479.830  381.555 —38.6858
800 283.447 111.049 558.230 419419 507.274 379451 —35.1370
900 298.893 140.189 592.535 436.769 536.414 377.836 —32.3900
1000 311.864 170.745 624.717 453971 566.970  376.638 —30.2005
1100 322.854 202.496 654.970 470.883 598.721 375.812 ~28.4143
1200 332.227 235.262 683.475 487.423 631.487 375.295 —26.9281
1300 340.263 268.897 710.392 503.549 665.122  375.026 —25.6724
1400 347.184 303.278 735.868 519.241 699.503 - 374933 —24.5957
1500 353.170 338303 760.030 534.495 734.527 374.999 ~23.6637
1600 358.370 373.886 782.993 549.315 770.110  375.164 —22.8477
1700 362.905 409.954 804.858 563.709 806.179 375.387 —22.1269
1800 366.876 446.448 825.716 577.690 842.673  375.651 —21.4859
1900 370.367 483,314 845.648 591.272 879.538 375.925 —20.9120
2000 373.449 520.508 864.725 604.471 916.732  376.194 —20.3947
2100 376.180 557.992 883.013 617.303 954.217 376.440 —19.9270
2200 378.607 595.733 900.570 629.782 - 991.958 376.635 —19.5011
2300 380.774 633.704 917.449 641.925 1029.929 376.791 -19.1123
2400 382.714 671.881 933.696 653.746 1068.105  376.884 —18.7560
2500 384.456 710.241 949.355 665.259 1106.465 376.889 —18.4276
2600 386.026 748.766 964.465 676.478 1144.991 376.834 —18.1246
2700 387.445 787.441 979.061 687.416 1183.666  376.685 —17.8446
2800 . 388.731 826.251 993.175 . 698.085 1222.475 376.447 . —17.5846
2900 389.900 865.183 1006.837 708.498 1261.408 376.113 —17.3421
3000 390.966 904.227 1020.073 718.664 1300452  375.658 —17.1160
3100 391.939 943.373 1032.909 728.595 1339.598  375.131 —16.9058
3200 392.830 982.612 1045.367 738.300 1378.837 374.476 —16.7084
3300 393.648 1021.937 1057.467 747.790 1418.162 373.714 ~16.5232
3400 394.400 1061.340 1069.230 757.072 1457.564  372.839 . —16.3493
3500 395.093 1100.815 1080.673 766.155 1497.040  371.834 —16.1862
3600 395.733 1140.357 1091.812 775.047 1536.581 370.725 —16.0320
3700 396.326 1179.960 1102.663 783.755 1576.185 369.481 —15.8870
3800 396.875 1219.620 1113.240 792.287 1615.845 368.114 —15.7497
3900 397.385 1259334  1123.556 800.650 1655.558  366.627 - 15.6206
4000 397.859  1299.096  1133.623 808.849 1695.321  364.989 —15.4977
4100 398.301 1338.904 1143.452 816.890 1735.129  363.248 —15.3822
4200 398.713 1378.755 1153.055 824.780 1774980  361.363 —-15.2723
4300 399.098 1418.646 1162.442 832.524 1814.871 359.334 -15.1676
4400 399.459 1458.574 1171.621 840.127 1854.799  357.140 —15.0683
4500 399.797 1498.537  1180.602 - 847.594 1894.762  354.841 —14.9745
4600 400.113 1538.533 1189.392 854.929 1934.757 352.412 —14.8852
4700 400.411 1578.559 1198.001 862.137 1974.784  349.858 —14.8004
4800 400.691 1618.614 1206.434 869.222 2014.839 347.173 —14.7200
4900 400.955 1658.697 1214.698 876.189 2054.922  344.360 —14.6435
5000 401.204 1698.805 1222.801 883.040 2095.030  341.315 —14.5698
5100 401.438 1738.937 1230.748 889.780 2135.162 338.258 —14.5011
5200 401.660 1779.092 1238.546 896.413 2175317 335.004 —14.4346
5300 401.870 1819.269 1246.199 902.940 2215.493 331.615 —14.3715
5400 402.068 1859.466 1253.712 909.367 2255.690  328.093 —14.3114
5500 402.257 1899.682 1261.092 915.695 2295.907 324.439 —14.2540
5600 402.435 1939.917 1268.341 - 921.928 2336.141 320.650 —14.1992
5700 402.604 1980.169 1275.466 928.068 2376.393 316.733 —14.1472
5800 402,765 2020.437 1282.469 934.118 2416.662 312.685 - —14.0974
5900 402918 2060.721 1289.356 940.081 2456946  308.511 —14.0499
6000 403.064 2101.021 1296.129 945.959 2497245 304215 —14.0048
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TaBLE 7. Fundamental vibrations, moments of inertia and enthalpies of formation for naphthyne. The properties

marked in bold were chosen for thermodynamic calculations

PM3
: 162 180 360 394 452 502 505 526 549 602 132 755
775 823 877 894 920 958 977 1012 1093 1098 1119 1152
1154 1204 1287 1348 1429 1459 1557 1569 1686 1731 1823 2145
3049 3056 3058 3068 3079 3113
AMI ‘ ' _
170 190 377 410 453 507 521 540 557 626 726 785
811 862 917 921 954 966 980 1005 1150 1160 1191 1209
1227 1292 1351 1380 1456 1490 1561 1581 1681 1736 1817 2122
3178 -3181 3182 3186 3196 3238
AM1 UHF
164 176 343 400 440 475 521 528 539 637 708 780
812 823 882 916 928 937 939 965 1152 1156 1186 1202
1214 1289 1371 1377 1448 1483 1502 1553 1595 1655 1701 1747
3181 3186 3183 - 3190 3198 3222
Gaussian 94:BP86/6-31G(d,p) (6D, 7F)
165 196 359 384 398 407 489 499 544 562 677 701
734 767 780 842 844 890 916 949 1020 1082 1089 1127
1154 1203 1212 1286 1326 1363 1401 1442 1490 1533 1610 1994
3095 3099 3110 3123 3133 3134
Principal moments of inertia/10™%° gm-cm?

Method 1, I, 1,
PM3 245.857321 659.881381 905.737303
AM1 246.132269 664.900498 911.032027
AM1 UHF 251.517951 665.373997 916.891484
Gaussian 94?! BP86/6-31G 251.00753 671.74195 922.74938

Enthalpy of formation/kcal-mol ™!

Method

A;H®(298.15 K)

PM3

AM1

AMI UHF (spin=0.0; §2=1.914848)
NIST 94% (erroneous)

Gaussian 942! BP86/6-31G

Wang and Frenklach*

145.04
156.99
136.96
92.0

11348
119.7*

*Cp(298.15 K)=30.5 cal'K™!:mol ™! and $(298.15 K)=82.2 cal-K™*-mol !

Zero Point Energy and Ionization Potential

Method Zeropoint energy/kcal-mol ™} Ionization potential/leV
PM3 9.153 77.592
AM1 9.054 79.920
AMI1 UHF . 9.366 78.318
Gaussian 94 BP86/6-31g 74.52082*

*zero point vibrational energy

3.7. 1-Naphthyl-Methyl Radical: C,oH,CH,-

This radical was estimated using Benson’s group additiv-
ity methods by McMillan and Golden,*® and by Marinov
et al.”® No molecular fundamental data are available. The
Gaussian 94 BP86/6-31G calculations were accepted for the
vibrations unscaled. The moments of inertia calculated by
the AM1 method were accepted since they are tighter. No
internal rotation moment of inertia and rotation barrier were
considered (except for the respective vibration of 95.8 cm™?)
since this was the procedure used by Melius*! and by Brou-

ver et al.” for the benzyl radical. Table 16 lists the thermo-
dynamic values calculated from the fundamentals in
Table 15.

3.8. 1-Ethyl-Naphthalene: C,oH,C,H;

Ethyl-naphthalene was first calculated by Pitzer and
co-workers*® and later recalculated by Stull ez al. 46 and used
by Alberty and Bloomstein.” Calculations of this species
with the MOPAC/AMI semiempirical method failed. The
PM3 and AM1/UHF methods were successful. The thermo-
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TaBLE 8. Thermodynamic properties of C,gHs naphthyne (mol wt=126.157 640)

CURRAN ET AL.

T (o Hr—Hjg St —(Gr—H)/T Hy AHr
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K
0 —21.264  eeeee- e 479.561 515.501 JR——
100 48.257 —17.498 259.345 434.325 483.327  509.655 —268.9382
200 87.844 -10.800 304.195 358.197 490.024  505.001 —136.3183
298.15 132.178 0.000 347.542 347.542 500.825  500.825 —93.0597
300 132.997 0.245 348.362 347.545 501.070  500.753 —92.5187
400 174.127 15.658 392.417 353.273 516483 497215 —70.7943
500 207.797 34.818 435.031 365.396 535.642 494340 —57.8448
600 234.451 56.982 475.368 380.398 557.807  491.944 —49.2576
700 255.642 81.526 513.161 396.695 582.351  489.949 —43.1517
800 272772 107.976 548.454 413484 608.801 488.328 —38.5895
900 286.850 135.979 581.421 430.333 636.804 487.063 -35.0514
1000 298.576 165.268 612.269 447.001 666.093  486.100 —32.2273
1100 308.439 195.632 641.202 463.354 696.457  485.407 —29.9209
1200 316.800 226.906 668.408 479.320 727.730 484,936 —28.0009
1300 323.931 258.951 694.054 494.861 759.776  484.639 —26.3782
1400 330.047 291.658 718.290 509.963 792.483 484454 - —249870
1500 . 335.319 324.933 741.245 524.623 825757 484.374 —23.7828
1600 - 339.885 358.698 763.035 538.849 859.523 484.347 —22.7289
1700 343.858 392.890 783.762 552.651 893.715 484339  —21.7986
1800 347.331 427.453 803.517 566.043 928278  484.340 —20.9719
1900 350.379 462.342 822.380 579.042 963.167  484.323 —20.2322
2000 353.065 497.517 840.422 591.663 998.342  484.278 —19.5661
2100 355.442 532.945 857.707 603.923 1033.769  484.190 —18.9642
2200 357.554 568.597 874.291 615.839 1069.421 484.035 —18.4167
2300 359.436 604.448 890.228 627.424 1105273  483.826 —-17.9172
2400 361.121 640.477 905.561 638.696 1141.302  483.543 —17.4598
2500 362.633 676.666 920.334 649.668 1177.491 483.162 —17.0387
2600 363.994 712.999 934.584 660.354 1213.824  482.713 —16.6504
2700 365.224 749.461 948.345 670.767 1250.285  482.163 —16.2918
2800 366.338 786.040 961.647 680.919 1286.864  481.518 —15.9590 .
2900 367.350 822725 = 974.521 690.822 1323.550  480.774 —15.6491
3000 368.273 859.507 986.990 700.488 1360332 479.904 —15.3603
3100 369.115 896.377 999.080 709.926 1397.202  478.960 —15.0916
3200 369.885 933.327 1010.811 719.146 1434152 477.888 —14.8397
3300 370.592 970.352 1022.204 728.158 1471.176 476.706 —14.6035
3400 371.243 1007.444 1033.277 736.970 1508.269  475.412 ~14.3817
3500 371.842 1044.599 1044.047 745.591 1545423  473.987 —14.1736
3600 372.395 1081.811 1054.530 754.027 1582.636  472.461 ~13.9772
3700 372,907 1119.076 1064.741 762.287 1619.901  470.800 —13.7924
3800 373.381 1156.391 1074.692 770.378 1657.216  469.018 —13.6176
3900 373.822 1193.751 1084.396 778.306 1604.576 467.119 —13.4529
4000 374.231 1231.154 1093.866 786.077 1731.979  465.071 —13.2065
4100 374.613 1268.597 1103.111 793.697 1769.421 462.923 —13.1491
4200 374.969 1306.076 1112.143 801.172 1806.901  460.634 —13.0091
4300 375.301 1343.590 1120.970 808.507 1844.414 458.205 —12.8758
4400 375.612 1381.135 1129.602 815.707 1881.960  455.615 ~12.7492
4500 375.904 1418711 1138.046 822.777 . 1919.536  452.924 —12.6294
4600 376.177 1456.316 1146.311 829.721 1957.140  450.107 —12.5155
4700 376.434 1493.946 1154.404 836.543 1994.771 447.168 —12.4071
4800 376.676 1531.602 1162.332 843.248 2032.427 444104 —12.3043
4900 376.903 1569.281 1170.101 849.839 2070.106 440915 —12.2062
5000 377.118 1606.982 1177.717 856.321 2107.807  437.500 -12.1120
5100 377.320 1644.704 1185.187 862.696 2145529  434.076 —12.0236
5200 377.512 1682.446 1192.516 868.969 2183.271 430.459 -11.9383
5300 377.692 1720.206 1199.709 875.142 2221.031 426.712 —11.8571
5400 377.864 1757.984 1206.770 881.218 2258.809  422.836 -11.7797
5500 378.026 1795.779 1213.705 887.200 2296.603 418.831 —-11.7056
5600 378.180 1833.589 1220.518 893.091 2334414  414.694 —11.6349
5700 " 378326 1871414 1227.213 898.895 2372.239 410433 —-11.5675
5800 - 378.465 1909.254 1233.794 904.612 2410079  406.044 —11.5030
5900 378.597 1947.107 1240.265 910.247 2447932 401.532 —11.4413
6000 378.722 1984.973 1246.629 915.800 2485798  396.899 —11.3824
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TABLE 9. Fundamental vibrations, moments of inertia and enthalpies of formation for 1,2-dihydro-naphthalene
C,oH,o. The properties marked in bold were chosen for thermodynamic calculations.

PM3 . .
110 134 229 345 384 418 485 505 507 606 688 709
771 806 826 878 896 909 938 968 993 1006 1031 1072
1090 1107 1111 1120 1155 1157 1187 1230 1271 1339 1351 1382
1395 1406 1435 1577 1638 1784 1802 1862 2938 2950 3023 3030
3051 3054 3056 3066 3072 3079 '
AM1

105 137 228 352 390 430 500 520 534 632 695 735

807 845 867 920 930 953 960 982 1002 1053 1098 1155
1176 1179 1187 1197 1205 1234 1289 1326 1354 1385 1395 1404
1427 1449 1490 1602 1665 1766 1786 1862 2991 3011 3079 3081
3178 3184 3186 3191 3191 3201

AM1 UHF

108 130 223 340 386 419 482 511 529 625 678 726
790 827 857 898 917 935 950 956 976 1043 1047 1149
1170 1171 1186 1194 1203 1232 1286 1324 ~ 1343 1384 1393 1425
1436 1447 1478 1582 1610 1666 1711 - 1729 2990 3010 3076 3077
3178 3186 3187 3189 3194 3203 '

Gaussian 94:BP86/6-31G(d,p) (6D, 7F)

131 148 258 343 376 408 472 490 540 574 672 682
732 738 773 795 851 879 902 919 936 945 998 1014
1037 1105 1141 1151 1154 1180 1201 1216 1268 1311 1328 1353
1388 1429 1440 1446 1480 1572 1606 1644 2915 2930 3000 3007
3082 3087 3092 3106 3108 3123

Principal moments of inertia/10™% gm-cm? .

Method I, I, I,
PM3 287.045069 705.823469 971.169904
AM1 287.196513 709.403499 976.695482
AM1 UHF 287.869976 710.799718 978.980974
Gaussian 94?! 290.6046 723.79179 988.83363

Dorofeeva and Gurvich®: I,1,1,=200X 107114

Enthalpy of formation/kcal-mol ™!

Method AIH°(2QS.15 K)

PM3 28.86
AM1 27.29
AM1 UHF (spin=0.00; §%=0.479326) 26.54
Gaussian 94 26.80
Pedley and Rylance® : 28.0

Marinov?® 31.59
Dorofeeva and Gurvich?® 34.42

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ! Jonization potential/eV
PM3 8.836 105.739
AM1 8.8688 109.392
AM1 UHF 8.819 108.397
Gaussian 9421 103.605%

*zero point vibrational energy

dynamic values can be easily and quite accurately evaluated  The internal rotation moments of inertia were calculated for
using Benson’s group additivity method. Its IR spectrum is ethyl-benzene using the Brinkmann and Burcat program.6
available in the NIST 97 WebBook.! L'hese vibrations served - The rotation barriers were taken trom Benson® although
for the calculation of the thermodynamic data. They were  Lagowski et al.”® proposed a smaller one for the methyl rotor
supplemented with values from the Gaussian 94 calculations.  and a slightly bigger one for the ethyl rotor (see Table 2).
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TABLE 10. Thermodynamic properties of C,oH; 1,2-dihydro-naphthalene (mol wt=130.189 400)

T C, Hp—Hag Sr ~(Gr—Hy)IT Hyp AgHy
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol) (kJ/mol) Log K
[ —22797  —eeeeee e 94.355 147.231 e
100 52.939 —18.792 264.626 452.551 98.360 135.626 —83.8171
200 93401 - —11.607 312.838 370.871 105.545 126.072 —49.3778
298.15 143.955 0.000 359.383 359.383 117.152 117.152 —38.8768
300 144.936 0.267 360.276 359.385 117.419 116.996 —38.7504
400 195.708 17.347 409.060 365.693 134.499 109.315 —-33.8150
500 238.904 39.149 457.531 379.233 156.301 103.237 —31.0369
600 273917 64.853 504.297 396.210 182.005 -98.521 —29.2794
700 302.286 93.711 548.727 414.854 210.863 94.965 —28.0762
800 325.601 125.142 590.662 434235 242294 92.419 ~27.2028
900 345.036 158.702 630.168 453.832 275.854 90.763 —26.5385
1000 361.410 194.047 667.393 473.345 311.199 89.848 —26.0144
1100 375.310 230.902 702.508 492.597 348.054 89.568 —25.5888
1200 387.175 269.042 735.687 511.485 386.194 89.807 —25.2339
1300 397.352 308.281 767.090 529.950 425.433 90.461 —24.9327
1400 406.118 348.465 796.865 547.962 465.617 91.425 —24.6712
1500 413.700 389.465 825.149 565.506 506.617 92.655 —24.4430
1600 420.284 431.172 852.064 582.581 548.324 94.067 ~24.2402
1700 426.025 473.494 877.720 599.194 590.646 95.603 —24.0579
1800 431.051 516.353 902.216 615.353 633.505 97.232 —23.8934
1900 435.469 559.684 925.643 631.072 676.836 98.913 ~23.7437
2000 439.367 603.430 948.080 646.366 720.582 100.618 —23.6062
2100 442 820 647.542 969.602 661.249 764.694 102.326 —23.4803
2200 445.890 691.981 990.275 675.738 809.133 103.999 —23.3635
2300 448.628 736.709 1010.157 689.848 853.861 105.647 —23.2554
2400 451.079 781.697 1029.303 703.596 §98.849 107.240 —23.1550
2500 453.281 826.917 1047.762 716.996 944.069 108.750 —23.0606
2600 455.265 872.346 1065.580 730.062 989.498 110.203 —22.9725
2700 457.057 917.963 1082.796 742.809 1035.115 111.561 —22.8903
2800 458.681 963.752  -1099.448 755.251 1080.904 112.829 —22.8130
2900 460.157 1009.695 1115.569 767.399 1126.847 113.997 —22.7397
3000 461.502 1055.779 1131.193 779.266 1172931 115.035 —22.6704
3100 462.731 1101.991 1146.345 790.864 1219.143 115.998 —22.6062
3200 463.855 1148.321 1161.055 802.204 1265.473 116.823 —22.5448
3300 464.887 1194.759 1175.344 813.296 1311.911 117.530 —22.4867
3400 465.837 1241.296 1189_.237 824.150 1358.448 118.117 —22.4318
3500 466.711 1287.924 1202.753 834.775 1405.076 118.560 —22.3802
3600 467.519 1334.636 1215912 845.180 1451.788 118.886 —22.3306
3700 468.267 1381.426 1228.732 855.374 1498.578 119.066 —22.2842
3800 468.959 1428.288 1241.229 865.364 1545.440 119.108 —22.2396
3900 469.603 1475.216 1253.419 875.158 1592.368 119.016 —22.1980
4000 470.201 1522.207 1265.316 884.764 1639.359 118.756 —22.1578
4100 470.758 1569.255 1276.933 894.188 1686.407 118.379 —22.1205
4200 471.278 1616.357 1288.284 903.437 1733.509 117.841 —22.0847
4300 471.764 1663.509 1299.379 912.516 1780.661 117.143 —22.0502
4400 472.218 1710.709 1310.230 921.432 1827.861 116.262 —22.0176
4500 472.644 1757.952 1320.847 930.191 1875.104 115.260 —21.9872
4600 473.044 1805.237 1331.239 938.797 1922.389 114.110 —21.9582
4700 473.420 1852.560 1341.417 947.255 1969.712 112.818 —21.9308
4800 473.773 1899.920 1351.388 955.571 2017.072 111.377 —21.9052
4900 474.105 1947.314 1361.160 963.749 2064.466 109.791 —21.8809
5000 474419 1994.740 1370.741 971.793 2111.892 107.957 —21.8571
5100 474,715 2042.197 1380.139 979.708 2159.349 106.092 —21.8361
5200 474.994 2089.683 1389.360 987.498 2206.835 104.017 —21.8152
5300 475.259 2137.195 1398.410 995.166 2254.347 101.790 —21.7957
5400 475.509 2184.734 1407.296 1002.716 2301.886 99.417 —-21.7774
5500 475.746 2232.297 1416.023 1010.151 2349.449 96.896 -21.7601
5600 475.971 2279.883 1424.598 1017.476 2397.035 94.227 —21.7438
5700 476.185 2327.491 1433.024 1024.692 2444643 91.418 —21.7288
5800 476.387 2375.119 1441.308 1031.804 2492.271 88.468 -21.7146
5900 476.580 2422768 1449.453 1038.814 2539.920 85.381 -21.7012
6000 476.764 2470.435 1457.464 1045.725 2587.587 82.163 —21.6889
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TaBLE 11. Fundamental vibrations, moments of inertia and enthalpies of formation for the 2-hydro-naphthalene
radical B-C;oHy. The properties marked in bold were chosen for thermodynamic calculations

PM3
98.9 148 242 377 388 430 484 499 515 618 679 707
776 794 817 872 874 907 913 962 968 1009 1036 1050
1098 1117 1121 1152 1155 1181 1222 1268 1308 1339 1348 1381
1447 1539 1608 1669 1762 1792 2912 2996 3047 3052 3055 3065
3069 3078 3079
AM1

107.9 158 250 395 404 444 496 521 535 643 686 738

810 837 852 913 920 949 - 957 975 992 1005 1127 1142
1176 1183 1200 1205 1214 1284 1314 1348 1353 1376 - 1415 1431
1491 1572 1631 1686 1752 1775 2969 3051 3173 3182 3184 3190
3191 3200 3203

AM1 UHF

97.6 148 237 374 388 420 464 521 530 636 658 717
781 821 827 879 907 912 934 946 956 967 1120 1137
1165 1176 1193 1202 1212 1279 1315 1345 1358 1423 1466 1480
1506 1543 1604 1641 1674 1692 2066 3049 3178 2186 3187 2192
3193 3199 3202
Gaussian 94: 6-31G(d,p) (6D, 7F)
125 169 256 34 380 45 484 491 525 594 667 678
734 734 761 764 831 886 891 899 900 928 949 1016
1029 1112 1135 1137 1150 1185 - 1218 1260 1319 1353 1375 1397
1416 1430 1473 1528 1575 1636 2843 2851 3082 3090 3093 3095
3106 3110 3126

Principal moments of inertia/10™4° gm-cm?

Method 1, I, I,
PM3 277.786618 693.093408 965.636622
AM1 278.956887 695.379839 968.725626
AM1 UHF 280.975910 697.191357 972.698396
Gaussian 94%! (5%=0.7658) 279.90458 719.11452 993.9347

Enthalpy of formation/kcal-mol™!

Method A H°(298.15K)
PM3 - 54.04
AM1 52.93
AM1 UHF (spin=0.5; §%=1.380451) . 39.51
Gaussian 94*' BP86/6-31G 54.556
Marinov?® 54.86
Zero Point Energy and Ionization Potential
Method Zero point encigy/keal-mol ™! ITonization potential/eV
PM3 7.465 97.190
AM1 7.360  101.069
AM1 UHF 8276 100.070
Gaussian 94 BP86/6-31g 95.171*

*zero point vibrational energy

The §2=0.7798 shows a close to doublet condition, thus this ~ 3.9. 1-Naphthalene a-Ethyl-Radical: CyoH;,CH,—CH,-

is an UHF unstable molecule.** The enthalpy of formation )
predicted by Benson’s method,® in close agreement with This radical is not mentioned in the literature. The internal

that of Stull ef al.,* was adopted. Table 17 lists all the lit-  rotation moments of inertia were calculated for ethyl
erature and calculated molecular vibrations, moments of in-  benzene radical using the Brinkmann and Burcat program®
ertia and enthalpies of formation of 1-ethyl-naphthalene.  (see Table 2). $?=1.561 shows a condition between a
Table 18 lists the thermodynamic data of 1-ethylnaphthalene. doublet and a triplet. Thus this radical is also UHF
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TaBLe 12. Thermodynamic propcrﬁes of the CoHp + 2-hydro-naphthalene radical (mol wt=129.181 460)

T C, Hr—Hjg Sr ~(Gy—Haye)/T Hy AHr
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K
0 e —22643 e e 206.891 255533 ceeeeee
100 52139 —~18.674 269.613 456.354 210.860  245.392 —138.2604
200 92.913 —~11.564 317.284 375.106 217.970  237.109 ~75.0261
298.15 143.289 0.000 363.659 363.659 229.534  229.534 —54.9290
300 144.249 0.266 364.548 363.661 229.800  229.404 —54,6811
400 193.266 17.198 412919 369.925 246.732  223.028 —44.8266
500 234.155 38.642 460.600 383.317 268.176  218.052 —39.0649
600 266.901 63.756 506.298 400.038 293290 214.212 —35.3008
700 293218 91.808 549.488 418.334 2321342 211.318 —32.6547
800 314.719 122,239 . 590.092 437.293 351.774  209.249 —-30.6937
900 332.565 154.630 628.222 456.411 384.164 207911 —29.1807
1000 347.551 188.657 664.059 475.402 418.191  207.180 —27.9762
1100 360.243 224.064 697.796 494.101 453.598 206.971 —26.9932
1200 371.058 260.643 729.617 512.414 490.178 207.189 —26.1738
1300 380.322 298.224 759.693 530.290 527.758  207.745 —25.4797
1400 388.292 336.665 788.177 547.702 566.199  208.548 —24.8818
1500 395.181 375.847 815.207 564.642 605.381  209.563 —24.3625
1600 401.159 415.67/1 840.907 581.112 645.205 210.718 —23.9055
1700 406.370 456.053 865.387 597.120 685.587  211.961 —23.4995
1800 410.930 496.923 888.746 612.678 726457  213.268 —23.1366
1900 414.936 538.220 911.073 627.800 76755  214.601 —22.8100
2000 418471 579.894 932.449 642.501 809.429  215.940 —22.5137
2100 421.600 621.901  952.943 656.800 851.435 217.264 —22.2446
2200 424.382 664.203 972.621 670.711 893.737  218.540 —21.9981
2300 426.864 706.767 991.542 684.252 936.302  219.780 —21.7719
2400 429.085 749.567 1009.757 697.437 979.101 220.955 —21.5637
2500 431.079 792.577 1027.314 ©710.283 1022.111 222.039 —21.3705
2600 432.876 835.776 1044.257 722.804 1065310  223.062 -21.1916
2700 434.499 879.146 1060.625 735.015 1108.680  223.984 —21.0256
2800 435.970 922.671 1076.453 746.928 1152205 224812 —20.8707
2900 437.307 966.336 1091.776 758.557 1195.870  225.538 —20.7255
3000 438.525 1010.128 1106.622 769.913 1239.663 226.134 —20.5894
3100 439.637 1054.037 1121.020 781.008 1283.572  226.652 —20.4629
3200 440.656 1098.053 1134.994 791.852 1327.587  227.033 —20.3434
3300 441.590 1142.166 1148.568 802.457 1371700  227.297 —20.2309
3400 442.450 1186.368 1161.764 812.832 1415.902  227.440 —20.1249
3500 443242 1230.653 1174.601 .822.986 1460.188 . 227.441 —20.0255
3600 443.973 1275.015 1187.098 832.927 1504.549  227.329 —19.9308
3700 444.650 1319.446 1199.272 842.664 1548980  227.071 —19.8420
3800 445277 1363.943 1211.138 852.206 1593.477  226.679 —19.7574
3900 445.859 14108.500 1222712 861.558 1638.034 226.156 —19.6779
4000 446.400 1453.113 1234.007 870.729 1682.647  225.468 —19.6019
4100 446.905 1497.779 1245.036 879.724 1727313 224.667 —19.5307
4200 447.376 1542.493 1255.811 888.551 1772.027  223.710 -19.4627
4300 447.815 1587.253 1266.343 897.215 1816.787 222.596 —19.3977
4400 448227 1632.055 1276.643 905.721 1861.589  221.304 -19.3360
4500 448.612 1676.897 1286.720 914.076 1906.432  219.896 —19.2779
4600 448.974 1721.777 1296.584 922.285 1951.311  218.344 —19.2226
4700 449.314 1766.691 1306.244 930.352 1996.226 216.654 —19.1700
4800 449.634 1811.639 1315.707 938.282 2041.173  214.822 —19.1204
4900 449.935 1856.618 1324.981 946.079 2086.152  212.848 —19.0732
5000 450.218 1901.625 1334.074 953.749 2131.160  210.632 —19.0275
5100 450.486 1946.661 1342.992 961.294 2176.195  208.389 —18.9854
5200 450.739 1991.722 1351.742 968.719 2221256 205.941 —18.9445
5300 450.979 2036.808 1360.330 976.027 2266.342  203.345 - 18.9057
5400 451.205 2081.918 1368.762 983.222 2311452 200.607 —18.8689
5500 451.420 2127.049 1377.043 990.307 2356.583  197.725 —18.8339
5600 451.623 2172.201 1385.179 997.286 2401.735 194.699 —18.8005
5700 451.817 2217.373 1393.174 1004.161 2446.907 191.537 —18.7691
5800 452.000 2262.564 1401.034 1010.936 2492.098  188.237 —18.7390
5900 452.175 2307.773 1408.762 1017.614 2537.307 184.803 —18.7105
6000 452.341 2352.999 1416.363 1024.197 181.240 —18.6835

- 2582.533
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TaBLE 13. Fundamental vibrations, moments of inertia and enthalpies of formation for methyl-naphthalene
1-C;oH,CH;. The properties marked in bold were chosen. for thermodynamic calculations

PM3 .
109 135 162 224 301 371 431 462 488 515 524 574

595 744 783 788 809 824 884 911 919 964 991 992
1009 1028 1099 1107 1127 1140 1162 1183 1212 1232 1295 1373
1402 1407 1440 1485 1491 1580 1612 1690 1782 1801 1828 3045
3050 3050 3055 3064 3068 3070 3073 3077 3167
AM1
113 141 168 231 302 390 443 478 516 524 550 581
623 762 808 834 845 870 914 945 959 974 996 1004
1050 1072 1168 1182 1194 1209 1216 1263 1301 1329 1367 1382
1389 © 1443 1472 1524 1529 1608 1636 1705 1763 1796 1805 3046 .
3055 3148 3179 3181 3183 3186 3189 3196 3199
AMI1 UHF ‘
108 136 162 219 300 369 425 414 493 510 543 554
615 733 783 814 824 859 881 910 938 948 959 969
1043 1058 1163 1175 1187 1205 1211 1257 1296 1324 1380 1388
1404 - 1442 1455 1505 1516 1521 1599 1654 1677 1702 1709 3044
3054 3146 3182 3182 3185 3188 3190 3197 3199

IR from the NIST Webbook
460 490 532 537

699 711 771 787  (787) 858
960 1022 1077 1084 1102 1109 1166 1211

1261 1398 1447 1470 - 1512 1601 1680 1744 1795 1820 1856
1924 2321 2749 2878 - 2956 2982 3016 3074 3107 '

Gaussian 94 BP86/6-31G(d,p) (6D, 7F)

131 161 179 241 269 404 427 462 468 504 528 560

616 694 719 761 779 780 840 846 874 914 934 948

962 1024 1026 1049 1077 1139 1153 1161 1218 1232 1252 1360
1371 1384 1397 1431 1447 1456 1467 1515 1583 1601 1624 2959
3016 3055 3092 3093 3099 3104 3117 3119 3127

Principal moments of inertia/10™ % gm-cm‘2

Method I, , I, I,
PM3 437673578 742.882899 1175.267861
AM1 439.442164 743.379622 1177.309994
AM1 UHF : 440.871632 746.613514 1181.972464
Gaussian 942 44831622 754.91208 1197.9544

Toluene data from Melius: 1,(— CH;)=5.1387 and V(3)=10.cal-mol~! and ¢,=3

Enthalpy of formation/kcal-mol ™!

Method AsH°(298.15K)
PM3 - 32.62
AM1 33.96
AM1 UHF (spin=0.0; 5?=0.781286) , v 31.90
NIST 94% 28.0
NIST 97* 27.7520.62
Gaussian 94! BP86/6-31G 22.34
Marinov? : 29.66
Sabbah et al.*! 27.0£05
Stull er al.* 21.93

Zero Point Energy and Ionization Potential
Method Zero point energy/kcal-mol ™! Tonization potential/eV

PM3 109.741
AM1 112.910 8.583
AM1 UHF 111.940 8.819
Gaussian 94 BP86/6-31g™! -106.859*
Sabbah et al.*! 7.9620.1

*zero point vibrational energy
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TaBLE 14. Thermodynamic properties of 1-C,gH;CH; 1-methyl-naphthalene (mol wt= 142.190)

T Cp Hy—Hag Sr ~(Gr—Hyp)/T Hy AgHy

(K) (Jfmol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol) (kJ/mol) Log K

0 me— —25.026 B e 91.080 145.009 ————
100 57.316 -—20.682 277.153 483.976 95.424 133.682 —82.1965
200 103.187 -12.790 330.044 393.996 103.316 124.507 —48.2311
298.15 157.922 0.000 381.348 381.348 © 116.106 116.106 —37.8458
300 158.960 0.293 382.328 381.351 116.399 115.960 —37.7205
400 212.155 18.905 435.504 388.241 135.011 108.788 —32.8198
500 257.339 42.452 487.859 402.956 158.558 103.127 —30.0503
600 294.338 70.099 538.163 421.332 186.205 98.778 —28.2916
700 324.501 101.091 585.879 441.462 217.197 95.584 —27.0830
800 349.232 134.818 630.878 462.355 250.924 93.412 —26.2022
900 369.662 170.795 673.228 483.457 286.901 92.138 —25.5295
1000 386.659 208.636 713.083 504.446 324.742 91.595 —24.9963
1100 400.891 248.034 750.622 525.137 364.140 91.665 —24.5616
1200 412.879 288.740 786.033 545.417 404,846 92.219 —24.1978
1300 423.033 330.549 819.493 565.225 446.655 93.145 —23.8881
1400 431.682 373.296 851.168 584.528 489.402 94.332 —23.6185
1500 439.089 416.844 881.210 603.314 532.950 95.737 —23.3829
1600 445.466 461.080 909.757 621.582 577.186 97.273 —23.1733
1700 450.984 505.909 936.933 639.339 622.015 98.885 —22.9848
1800 455.783 551.253 962.849 656.598 667.359 100.542 —22.8146
1900 459.977 597.045 987.607 673.373 713.151 102.206 —22.6599
2000 463.658 643.231 1011.296 689.681 759.337 103.853 —22.5178
2100 466.904 689.763 1033.999 705.540 805.869 105.461 —22.3880
2200 469.779 736.600 1055.787 720.969 852.706 106.996 —22.2677
2300 472.334 783.708 1076.727 735.984 899.814 108.470 —22.1566
2400 474.614 831.057. 1096.878 750.604 947.163 109.856 —22.0536
2500 476.656 878.623 1116.295 764.846 994.729 111.125 —21.9570
2600 478.491 926.382 1135.026 778.725 1042.488 112.310 —21.8671
2700 480.146 974.315 1153.116 792.259 1090.421 113.369 —21.7835
2800 481.642 1022.405 1170.605 805.461 1138.511 114.311 —21.7051
2900 482.999 1070.639 1187.531 818.345 1186.745 115.128 —21.6309
3000 484234 1119.001 1203.926 830.926 1235.107 115.789 -21.5610
3100 485.360 1167.482 1219.823 843.216 1283.588 116.353 —21.4965
3200 486.389 1216.070 1235.249 855.227 1332.176 116.756 —21.4350
3300 487.332 1264.757 1250.231 866.971 1380.863 117.021 —21.3771
3400 488.199 1313.534 1264.792 878.458 1429.640 117.144 —21.3225
3500 488.997 1362.394 1278.955 889.700 1478.500 117.102 —-21.2715
3600 489.733 1411.331 1292.741 900.705 1527.437 116.927 —21.2226
3700 490.413 1460.339 1306.169 911.483 1576.445 116.584 —21.1770
3800 491.043 1509.412 1319.256 922.042 1625.518 116.087 —21.1335
3900 491.628 1558.546 1332.019 932.391 1674.652 115.438 —~21.0930
4000 492.171 1607.736 1344.472 942.538 1723.842 114.603 —21.0541
4100 492.677 1656.979 1356.632 952.490 1773.085 113.637 —21.0183
4200 493.149 1706.271 1368.510 962.255 1822.377 112.492 —20.9840
4300 493.589 1755.608 1380.119 971.838 1871.714 111.171 —20.9511
4400 494.001 1804.988 1391.471 981.247 1921.094 109.648 —20.9201
4500 494,387 1854.407 1402.577 990.487 1970.513 107.993 —~20.8916
4600 494.749 1903.864 1413.447 999.564 2019.970 106.174 —20.8645
4700 495.088 1953.356 1424.091 1008.483 2069.462 104.201 —20.8391
4800 495.408 2002.881 1434.518 1017.251 2118987 102.066 —20.8156
4900 495.708 2052.437 1444.736 1025.871 2168.543 99.772 —20.7935
5000 495.992 2102.022 1454.753 1034.349 2218.128 97.207 —20.7718
5100 496.259 2151.635 1464.578 1042.689 2267.741 94.609 ~-20.7531
5200 496.511 2201.273 1474217 1050.895 2317.379 91.782 —20.7346
5300 496.750 2250.937 1483.677 1058.972 2367.043 88.789 —-20.7175
5400 496.976 2300.623 1492.964 1066.923 2416.729 85.637 -20.7017
5500 497.190 2350.331 1502.085 1074.752 2466.437 82.324 —20.6869
5600 497.393 2400.061 1511.046 1082.463 2516.167 78.850 -20.6731
5700 497.585 2449.809 - 1519.851 1090.060 2565.915 75.223 —20.6607
5800 497.768 2499.577 1528.506 1097.545 2615.683 71.442 -20.6491
5900 497.942 2549.363 1537.017 1104.922 2665.469 67.510 —20.6384
6000 498.107 2599.165 1545.387 1112.193 2715.271 63.436 —20.6288

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000



THERMODYNAMIC PROPERTIES OF NAPHTHALENE DERIVATIVES 483

TaBLE 15. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-naphthyl-methyl
radical C,gH;CH,- The properties marked in bold were chosen for thermodynamic calculations

PM3
107 151 212 362 374 420 477 486 499 522, 530 584
600 729 783 793 808 831 874 905 912 940 973 982
987 1015 1110 1115 1127 1139 1163 1188 1234 1243 1263 1315
1387 1416 1491 1555 1602 1643 1708 1762 1813 3007 3049 3052
3059 3062 3071 3076 3099 3154
AM1

84 155 219 347 384 419 485 489 s 521 545 600
625 747 817 834 837 870 906 926 953 973 980 987
1004 1018 1179 1187 1196 1209 1213 1263 1300 1315 1326 1383
1446 1459 1530 1584 1619 1663 1712 1744 1795 3180 3180 3181
3188 3189 3192 3196 3199 3227

AM1 UHF
83.8 151 210 341 363 380 442 478 485 506 538 570
616 722 785 799 828 857 868 887 902 932 940 941
964 1010 1171 1178 1190 1204 1213 1258 1309 1334 1406 1445
1477 1502 1514 1542 1585 1620 1658 1661 1692 3182 3184 3185
3187 3191 3196 3197 3200 3229
Gaussian 94 BP86/6-31G(d,p) (6D, 7F)
95.8 169 232 303 396 433 436 467 492 493 547 566
619 701 710 718 753 778 779 334 850 362 907 927
941 943 1032 1075 1090 1135 1151 1168 1214 1230 1282 1347
1362 1395 1433 1439 1486 1506 1537 1559 1610 3094 3096 3099
3105 3106 3118 3121 3128 3193

Principal moments of inertia/10™*° gm-cm?

Method I, I, . 1,

PM3 418.135852 735.240520 1153.374590
AM1 418.986174 743.823227 1162.722486
AM1 UHF 421.665465 746.864213 1168.505596
Gaussian 94%! 425.6682 757.71704 1183.3852

Enthalpy of formation/kcal-mol !

Method AgH°(298.15K)

PM3 69.65

AM1 7136

AM1 UHF (spin=0.5; $?=1.6299) 54.034

Gaussian 94%! BP86/6-31G v 57.18

NIST 94% 65.2

McMillan and Golden® 60.4

Marinov?® 67.95

Zero Point Energy and Ionization Potential
Method Zero point energy/kcal-mol ™! Tonization potential/eV

PM3 101.129 7.529
TAM1 104.491 8.552

AM1 UHF 103.388

Gaussian 947 98.714*

McMillan and Golden® 735%1.

*zero point vibrational energy

unstable.* Table 19 lists all the literature and calculated 3.10. 1-Naphthalene g-Ethyl Radical:
molecular vibrations, moments of inertia, and enthal-- C;oH;C-H-CH; .

pies of formation of 1-naphthalene a-ethyl radical. Table 20

lists the thermodynamic data of 1-naphthalene a-ethyl This radical is not mentioned in the literature. The PM3-
radical. UHF calculation was optimized on a transition state rather
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TABLE 16. Thermodynamic properties of the 1-C;gH;CH,- 1-naphthyl methyl radical (mol wt=141.192 460)

T C, Hy—Hyg S ~(Gr—Ha)/T Hy AgHy
(K) J/molK)  (kJ/mol) (J/mol K) (J/mol K) (KJ/mol)  (kJ/mol) Log K
0 e —-24.645 - e 248.151 297.846 ooeee-
100 55.120 -20.530 275.730 481.028 252.267  287.791 —160.1363
200 102.697 -12.795 327.457 391.431 260.002  279.806 —85.8064
298.15 158.090 0.000 ~ 378.770 378.770 272797 2727797 -62.0183
300 159.119 0293 - 379.752 378.774 - 273.090 272.678 —61.7237
400 210915 18.864 432.819 385.658 291.661  266.918 —49.9732
500 253.418 - 42.161 484.628 400.306 314.958  262.468 —43.0587
600 287.144 69.254 533.931 418.507 - 342,051 259.029 —38.5178
700 314.078 99.364 580.292 438.344 372.161 256.421 —35.3125
800 335.996 131.903 . - 623.710 458.831 404.700 254.539 —32.9300
900 354.152 166.438 664.365 479.434 439.235  253.310 —31.0880
1000 369.394 202.637 702.490 499.853 475434  252.626 —29.6198
1100 382.312 240.240 738.319 519.920 513.036  252.420 —28.4210
1200 393.335 - 279.036 772.070 539.540 551.833 252.604 —27.4218
1300 402.792 318.855 803.937 558.664 591.651  253.100 ~26.5758
1400 410.942 359.551 834.092 577.270 632.348  253.818 —25.8477
1500 417.998 401.007 862.691 595.353 673.803  254.734 —25.2161
1600 424.131 443.120 88Y.868 T 612918 115917 255.774 —24.6609
1700 429.484 485.807 915.745 629.976 758.604  256.890 —24.1685
1800 434.175 528.995 940.429 646.543 801.792  258.059 —23.7290
1900 438.301 572.623 964.017 662.636 845420  259.244 —23.3341
2000 441.945 616.639 986.593 678.274 - 889.436  260.426 —22.9765
2100 445.176 660.998 1008.236 693475 933.795  261.584 —22.6522
2200 448.049 705.662 1029.013 708.257 978459  262.686 —22.3557
2300 450.614 750.598 1048.987 722.640 1023.395  263.743 —22.0840
2400 452912 795.776 1068.215 736.641 1068.573  264.728 —21.8344
2500 454977 841.172 1086.746 750.277 1113.969  265.613 —21.6031
2600 456.838 886.765 1104.627 763.564 1159.562  266.430 —21.3892
2700 458.521 932.534 1121.901 776.518 1205.331 267.137 —21.1910
2800 460.046 978.464 1138.604 - 789.153 1251260  267.742 —21.0065
2900 461.433 1024.539 1154772 801.483 1297.336  268.237 —20.8337
3000 462.697 1070.746 1170.437 813.522 1343.543  268.592 —20.6720
3100 463.851 1117.074 1185.628 825.281 1389.871 268.863 —20.5217
3200 464.909 1163.513 1200.372 836.774 1436310  268.987 —20.3800
3300 465.880 1210.053 1214.693 848.010 1482.850  268.986 ~20.2469
3400 466.773 1256.687 1228.614 859.000 1529.483  268.856 —20.1215
3500 467.596 1303.406 1242.157 869.755 1576.202  268.574 ~—20.0040
3600 468.356 1350.204 1255.340 880.283 1623.000 268.172 —19.8924
3700 469.060 1397.075 1268.182 890.594 1669.872  267.614 —19.7875
3800 469.712 1444014 1280.700 900.696 1716.811 266.913 -19.6879
3900 470.318 1491.016 1292.909 010.597 1763.813 266.072 —10.5043
4000 470.881 1538.076 1304.823 920.304 1810.873  265.057 —19.5050
4100 471.406 1585.191 1316.457 929.825 1857.988  263.921 —-19.4213
4200 471.896 1632.356 1327.823 939.167 1905.153  262.619 —19.3414
4300 472.354 1679.569 1338.932 948.335 1952.366 261.150 —19.2652
4400 472.783 1726.826 1349.797 957.336 1999.623  259.491 —19.1928
4500 473.184 1774.125 1360.426 966.176 2046.921  257.709 —19.1247
4600 473.561 1821.462 1370.830 974.860 2094.259  255.775 —19.0599
4700 473915 1868.836 1381.018 983.394 2141.633 253.695 —18.9984
4800 474248 1916.244 1390.999 991.782 1 2189.041  251.463 —18.9403
4900 474.561 1963.685 1400.781 1000.029 2236482  249.081 —18.8850
5000 474.857 2011.156 1410.372 1008.141 2283.953  246.438 —18.8315
5100 475.136  2058.656 1419.778 1016.120 2331453 243772 - 18.7823
5200 475.400 2106.183 1429.007 1023.972 2378980  240.884 —18.7344
5300 475.649 2153.735 1438.065 1031.700 2426.532  237.838 —18.6890
5400 475.885 2201.312 1446.958 1039.307 2474109  234.641 —18.6460
5500 476.109 2248.912 1455.692 1046.799 2521.709  231.290 —18.6050
5600 476321  2296.533 1464.273 1054.177 2569.330  227.786 ~18.5659
5700 476.523 2344.176 1472.705 1061.446 2616973  224.135 —18.5291
5800 476.714 2391.838 1480.994 1068.609 2664.634  220.335 —18.4940
5900 476.896 2439.518 1489.145 1075.667 2712315 216.391 -—18.4606

6000 477.069 2487.217  1497.162 1082.626 2760.013  212.309 —18.4290
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TABLE 17. Fundamental vibrations, moments of inertia and enthalpies of formation for I-C;yH,CH,CH; 1-ethyl
naphthalene. The properties marked in bold were chosen for thermodynamic calculations

PM3
476 97 1605 1668 1849 3026 371 401 431 468 492 523

527 589 634 747 777 789 812 820 847 897 918 928
969 995 1005 1016 1058 1099 1107 1115 1125 1132 1145 1167
1182 1222 1264 1297 1331 1403 1407 1411 1434 1468 1486 1502
1585 1609 1691 1784 1800 1827 2933 3018 3019 3049 3052 3055
3063 3073 3076 3081 3088 3183
AMI1 UHF _

733 - 979 1465 162 180 284 331 397 430 471 495 SI2
542 601 635 741 790 810 822 839 865 88 913 939
945 961 969 1045 1088 1163 1175 1188 1191 1206 1210 1225
1258 1288 1317 1373 1389 1367 1414 1431 1434 1455 1506 1517
1520 1597 1652 1673 - 1703 1711 3006 3061 3065 3084 3157 3181
3182 3185 3186 3190 3197 3200

IR Spectrum NIST 1997

478 527
553 578 630 641 7063 734 862 893
960 1017 1069 1172

1259 1326 1399
1476 1512 1600 1636 1682 1796 1832 1863 1919 2894 2950
2981 3074 3172 3229 3265 3353
Gaussian 94 BP86/6-31G(d,p) (6D, 7F)
84.8 98.5 171 186 203 289 316 421 429 462 474 505
547 572 637 687 720 762 768 784 786 838 844 878
914 933 938 947 1000 1031 1048 1070 1087 1140 1154 1161
1216 1226 1246 1250 1310 1366 1369 1382 1397 1437 1456. 1458
1460 1475 1515 1581 1600 - 1624 2966 2972 3004 3050 3056 3089
3092 3097 3104 3118 3119 3129

Principal moments of inertia/10™* gm-cm?

Method I, Iy I,
PM3 565.180057 969.329472 1466.909314
AM1
AMI1 UHF 605.786979 909.043104 1448.496422
Gaussian 942! 615.40903 929.00467 1471.6558

Brinkmann and Burcat®: I, (— C,H;) =44.72813; ROSYM=2; V(3)=2.8 kcal-mol~! [Benson]
Brinkmann and Burcat®: I, (— CH,)=4.17138; ROSYM=3; V(3)=2.8 kcal-mol~ [Benson]

Enthalpy of formation/kcal-mol~*

Method AH(0K) AH°(298.15K) AH(300K)
PM3 21.56
AM1 :
AM1 UHF (spin=0.0; 52=0.779839) 26.69
Gaussian 94* 18.45
NIST 94 % 23.2
Marinov® 24.30
Stull et al.* 23.16
Zero Point Energy and Ionization Potential

Method Zero point energyfkcal-mol ™! Ionization potential/eV
PM3 127.633 8.719
AMI
AM1 UHF 129.647 8.831
Gaussian 94?' BP86/6-31G 124.441%

*zero point vibrational energy
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TaBLE 18. Thermodynamic properties of 1-C;oH,CH,CHj; 1-ethyl naphthalene (mol wt=156.227 280)

T Cp Hy—Hog Sy ~(Gr—Hyg)/T Hy AgHr
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log X
[ —28.629 - e 68.273 131723 e
100 66.359 —24.076 284.856 525.612 72.826 117.545 —78.6758
200 120.637 —14.826 346.824 420.955 82.075 106.707 —49.1037
298.15 181.943 0.000 406.323 406.323 96.901 96.901 —40.3022
300 183.107 0.338 407.452 406.327 97.239 96.732 —40.1976
400 243236 21.710 468.521 414246 11R.611 RR.392. -36.1582
500 294.913 48.697 528.527 431.132 145.599 81.921 —33.9320
600 337.258 80.379 586.173 452.207 177.281 77.101 —32.5468
700 371.587 115.881 640.831 475.287 212.783 73.705 —31.6092
800 399.549 154.485 692.338 499.232 251.386 71.536 —30.9326
900 422.534 195.626 740.768 523.406 292.527 70.418 —30.4181
1000 441.601 238.861 786.304 547.442 335.763 70.141 —30.0103
1100 457.545 283.842 829.163 571.125 380.743 70.560 —~29.6766
1200 170.970 330.286 869.566 594.328 427.188 71.524 —29.3956
1300 482.344 377.968 907.725 616.981 - 474.869 72.903 —29.1545
1400 492.035 426.699 943.835 639.050 523.601 74.570 —28.9422
1500 . 500.336 476.328 978.072 660.520 573.230 76.475 —28.7553
1600 507.482 526.728 1010.597 681.392 623.629 78.521 —28.5871
1700 513.662 577793 1041.553 701.675 674.694 80.643 —28.4340
1800 519.031 629.433 1071.068 721.383 726.335 82.807 —28.2946
1900 523.717 681.576 1099.259 740.535 778.4717 84.970 —28.1666
2000 527.823 734.157 1126.229 759.150 831.059 87.103 —28.0479
2100 531.437 787.124 1152.071 777.250 884.026 89.184 —27.9387
2200 534.628 840.431 1176.869 794.855 937.332 91.172 —27.8365
2300 537.458 894.038 1200.698 811.985 990.939 93.083 —27.7414
2400 539.976 947.912 1223.626 828.662 1044.813 94.883 —27.6529
2500 542.224 . 1002.024 1245.715 844.905 1098.925 96.543 —27.5691
2600 544.237 1056.349 1267.021 860.733 1153.250 98.097 —27.4908
2700 546.046 1110.865 1287.596 876.164 1207.766 99.500 —274177
2800 547.671 1165.552 1307.484 ¥91.215 1262.454 100.764 —27.3488
2900 549.151 1220.395 1326.729 905.903 1317.296 101.876 —27.2831
3000 550.486 1275.378 1345.369 920.243 1372.279 102.805 —27.2210
3100 551.699 1330.488 1363.439 934.250 1427.389 103.615 —27.1638
3200 552.805 1385.714 1380.973 947.937 1482.615 104.234 —27.1090
3300 553.814 1441.046 1397.999 961.319 1537.947 104.690 —27.0572
3400 554.738 1496.474 1414.546 974.407 1593.375 104.978 —27.0083
3500 555.585 1551.991 1430.639 987.213 1648.892 105.072 —26.9626
3600 556.363 1607.589 1446.301 999.749 1704.490 105.008 —26.9186
3700 557.081 1663.261 1461.555 1012.025 1760.163 104.748 —26.8778
3800 557.742 1719.003 1476.420 1024.051 1815.904 104.306 —26.8386
3900 558.354 1774.808 1490.916 1035.837 1871.710 103.687 —26.8023
4000 558.921 1830.672 1505.059 1047.391 1927.574 102.850 —26.7672
4100 559.446 1886.591 1518.867 1058.723 1983.492 101.859 —26.7352
4200 559.935 1942.560 1532.354 1069.840 2039.462 100.660 —26.7045
4300 560.390 1998.577 1545.535 1080.750 2095.478 99.256 —26.6750
4400 560.813 2054.637 1558.423 1091.460 2151.539 97.620 —26.6473
4500 561.209 2110.739 1571.031 1101.978 2207.640 95.827 —26.6220
4600 561.579 2166.878 1583.370 1112.309 2263.780 93.845 —26.5980
4700 561.975 2273.053 1505 451 1127 461 2319 955 91,682 —26.5756
4800 562.250 2279.262 1607.285 1132.438 2376.164 89.330 —26.5550
4900 562.554 2335.503 1618.881 1142.248 2432.404 86.794 —26.5358
5000 562.840 2391.773 1630.249 1151.895 2488.674 83.952  —26.5169
5100 563.110 2448.070 1641.398 1161.384 2544972 81.064 —26.5011
5200 563.363 2504.394 1652.335 1170.720 2601.296 71915 —26.4852
5300 563.602 2560.742 1663.068 1179.909 2657.644 74.575 —26.4708
5400 563.828 2617.114 1673.605 1188.954 2714.016 71.052 —26.4576
5500 564.041 2673.508 1683.953 1197.860 2770.409 67.345 26.4454
5600 564.243 2729.922 1694.118 1206.632 2826.823 63.454  —26.4341
5700 564.434 2786.356 1704.106 1215.272 2883.257 59.388 —26.4243
5800 564.615 2842.808 1713.924 1223.785 2939.710 55.146  —26.4152
5900 564.786 2899.278 1723.578 1232.174 2996.180 50.733 —26.4070
6000 564.949 2955.765 1733.071 1240.444 3052.667 46.158 —26.4000
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TABLE 19. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-ethyl naphthalene-

a-radical C;gH,CH,~CH,*. The properties marked in bold were chosen for thermodynamic calculations
AM1
51 74.5 128 164 221 229 361 384 442 480 520 526
565 577 635 732 762 796 824 842 856 893 921 947
963 975 996 1003 1072 1143 1163 1184 1200 1208 1219 1258
1269 1303 1329 1334 1386 1392 1453 1473 1521 1533 1605 1636
1702 1763 1797 1805 2994 3067 3179 3180 3183 3184 3189 3195
3199 3232 3243
AM1 UHF
434 100.5 118 157.3 210 226 355 366 424 476 491 517
545 564 625 726 736 775 806 818 842 875 890 911
938 950 959 968 1060 1133 1156 1177 1194 1204 1214 1257
1262 1295 1326 1364 1380 1406 1451 1460 1505 1514 1524 1597
1651 1672 1702 1709 2968 3051 3177 3182 3185 3186 3190 3196
3199 3223 3237
Gaussian 94:BP86/6-31G(d,p) (6D, 7F)
- 60.8 128 154 170 202 233 319 400 426 462 472 508
514 527 589 - 617 692 717 757 778 781 806 836 850
887 913 936 946 975 1022 1031 1075 1083 1139 1154 1159
1180 1217 1220 - 1246 1289 1362 1380 1397 1411 1429 1435 1456
1514 1581 1599 - 1623 2859 2954 3088 3092 3094 3103 3104 3118
3119 3128 3193
Principal moments of inertia/10”* gm-cm?
Method ‘ 1, I, I,
PM3
AM1 506.122933 1023.277403 1518.502711
AM1 UHF 507.139525 1027.446913 1523.178697
Gaussian 94% 516.27582 1051.585 1555.2185
Brinkmann and Burcat®: 1, (— CH,CH,+) =36.8853; ROSYM=2; V(3)=3.0 kcal-mol~* [Benson]
Bﬁnhnam and Burcat®: I, (—CH,-)=2.76582; ROSYM=2; V(3)=3.0 kcal-mol ™! [Benson]
Enthalpy of formation/kcal-mol™!
Method AfH"(O K) AfH°(298‘15 K) AfH°(300 K)
PM3
AM1 65.05
AM1 UHF (spin=0.5; §i= 1.560937) 60.08

‘Gaussian 94°
This work (estimate)

07.14
70.%5.

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ! Ionization potential/leV
PM3
AM1 122.208 9.259
AM1 UHF 120.677 8.845
Gaussian 94 BP86/6-31g* 115.097*

*zero point vibrational energy

than on a stable molecule with AH #(298)=47.35 kcal/mol
and $2=1.647. The transition state is not mentioned in Table
21. The internal rotation moments of inertia were calculated
for ethyl benzene radical using the Brinkmann and Burcat
program.® The rotation barrier values were taken from
Benson* (see T'able Z). $? shows a condition between a dou-
blet and a triplet. Thus this radical is also UHF unstable.
Table 21 lists all the literature and calculated molecular vi-
brations, moments of inertia and enthalpies of formation of
1-naphthalene S-ethyl-radical. Table 22 lists the thermody-
namic data of 1-naphthalene S-ethyl-radical.

3.11. 1-Vinyl-Naphthalene: C¢H;CH=CH,

This species was mentioned by Liebmann,” and estimated
by Marinov® using Benson’s® group additivity method.
Calculations with the AM1 and AM1/UHF were successful,
but the MOPAC/PM3 method failed. The internal rotation mo-
ment of inertia was calculated with the Brinkmann and Bur-
cat program6 for styrene and the rotation barrier was taken
from Head-Gordon and Pople for styrene” (see Table 2).
Table 23 lists all the literature and calculated molecular
vibrations, moments of inertia, and enthalpies of formation of
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TaBLte 20. Thermodynamic properties of the 1-C;;H,CH,CH)- a-ethyl I-naphthalene radical
(mol wt=155.219 340)
T C, Hp—Hgg Sr ~(Gr—Hag)/T Hp AgHr
(X) (I/molK)  (kJ/mol) (I/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K
0 —29.235 ——me- e 263.645 322.861 = --ee-
100 67.514 —24.654 293.982 540.526 1268226  310.211 —176.2040
200 123.949 -15.175 357451 433.327 277705  300.949 —96.1594
298.15 185.266 0.000 418.370 418.370 292.880  292.880 -70.5938
300 186.401 0344 419.519 418373 203224 292.743 —=70.2775
400 243.516 21.917 481.187 426.394 314.797  286.056 —57.6725
500 290.318 48.697 540.750 443.356 341577  280.840 —50.2677
600 327.524 79.660 597.099 464.333 372540  276.764 —45.4123
700 357.391 113.957 649.910 487.114 406.837 273.634 —41.9896
800 381.854 150.958 699.282 510.584 443838  271.339 —39.4485
900 402.248 ' 190.193 745470 534.144 483.073  269.801 —37.4858
1000 419.464 231.302 788.767 557.465 524.182  268.900 —35.9225
1100 434 115 274.001 29 452 580.360 566.881 268.556 —34.6467
1200 446.655 318.055 867.776 602.730 610935  268.669 —33.5838
1300 457435 363.273 903.964 624.523 656.153  269.145 —32.6841
1400 466.738 409.493 938.212 645.717 702373  269.883 —31.9099
1500 474.795 456.579 970.695 666.309 749.459  270.849 —31.2383
1600 481.798 504.417 1001.566 686.306 797297  271.958 —30.6481
1700 487.904 552.909 1030.963 705.722 845780  273.154 —30.1244
1800 493.249 601.972 1059.005 724.576 894.852  274.409 —29.6571
1900 497.942 651.537 1085.802 742.888 944.417 275.679 —20.2372
2000 502.078 701.542 1111.451 760.680 994.422 276941 —28.8569
2100 505.734 751.936 1136.037 777.972 1044816  278.172 —28.5121
2200 508.976 802.675 1159.640 794.788 1095.555  279.332 —28.1967
2300 511.861 853.720 1182.330 811.148 1146.600  280.435 —27.9079
2400 514.436 905.037 1204.170 827.072 1197.917  281.449 —27.6424
2500 516.741 956.598 1225.218 842.579 1249478  282.342 —27.3965
2600 518.809 1008.377 1245.526 857.689 1301.257  283.150 —27.1692
2700 520.671 1060.353 1265.142 872.418 1353.233 283.825 —26.9587
2800 522.352 1112.506 1284.108 886.785 1405386  284.378 —26.7626
2900 523.873 1164.818 1302.465 900.804 1457.698  284.796 —26.5791
3000 525.252 1217.275 1320.249 914.490 1510.155  285.048 —26.4074
3100 526.506 1269.864 1337.493 927.859 1562.744  285.195 —26.2481
3200 527.649 1322.573 1354.227 940.923 1615.453  285.168 —26.0978
3300 528.693 1375.391 1370.480 953.695 1668.271  284.991 —25.9566
3400 529.648 1428.308  1386.277 966.186 1721.188  284.660 —25.8239
3500 530.524 1481.318 1401.643 978,409 1774.1908 284.148 —25.6005
3600 531.329 1534.411 1416.600 990.375 1827.291  283.490 —25.5814
3700 532.070 1587.581  1431.168 1002.092 1880.461  282.650 —25.4707
3800 532.754 1640.823 1445.367 1013.571 1933.703  281.638 —25.3655
3900 533.385 1694.130 1459.213 1024.821 1987.010  280.461 —25.2668
4000 533.970 1747.498 1472.725 1035.850 2040378  279.079 ~25.1727
4100 534.511 1800.923 1485.917 1046.667 2093.803  277.552 —25.0846
4200 535.014. 1854.399 1498.803 1057.280 2147279  275.828 —25.0007
4300 535.482 1907.924 1511.398 1067.695 2200.804 273910 —24.9206
4400 535918 1961.495 1523.714 1077919 2254375  271.770 —24.8448
4500 536.324  2015.107  1535.762 1087.960 2307.987  269.482 —24.7735
4600 536.703 2068.759 1547.554 1097.824 2361.639  267.015 —24.7058
4700 537.058 2122.447 1559.100 1107.516 2415.327 264.377 —24.6416
4800 537390 2176170 1570410 1117.042 2469.050  261.559 —24.5811
4900 - 537.702 2229.924 1581.494 1126.408 2522.804  258.566 —24.5237
5000 537.994 2283.709 1592.360 1135.618 2576.589  255.274 —24.4682
5100 538.268 2337.522 1603.017 1144.679 2630402  251.945 —244173
5200 538.527  2391.362  1613.471 1153.594 2684242  248.363 —24.3678
5300 538.770 2445227 1623.732 1162.368 2738.107  244.598 —24.3212
5400 538999  2499.116  1633.805 1171.005 2791.996  240.657 —24.2770
5500 . 539.216 2553.027 1643.697 1179.510 2845.907 236.538 —24.2350
5600 539.420 2606.959 1653.415 1187.886 2899.839  232.241 —24.1951
5700 539.613 2660.910 1662.964 1196.137 2953.790  227.775 —24.1577
5800 539.796  2714.881  1672.350 1204.267 3007.761  223.139 —24.1220
5900 539.969 2768.869 1681.579 1212.279 3061.749  218.337 —24.0882
6000 540.133 2822.874 1690.656 1220.177 3115.754  213.377 —24.0564
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TaBLE 21. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-ethyl naphthalene

[B-radical CgH,C-H-CHj;. The properties marked in bold were chosen for thermodynamic calculations

PM3
22 90.8 118.5 1725 180 302 313 401 432 459 488 521
529 582 625 634 746 779 793 816 824 805 898 916
928 967 993 1003 - 1015 1092 1102 1122 1136 1139 1158 1172
1186 1221 1251 1333 1381 1394 1418 1438 1479 1532 1578 1625
1699 1786 1802 1823 3046 3052 3053 3061 3064 3074 3075 3077
3083 3100 3170
AM1
514 111 126 175 184 311 330 415 446 480 512 531
554 609 653 715 775 816 . 828 853 868 920 951 963
976 996 997 1004 1059 1159 1176 1188 1207 1211 1226 1244
1281 1314 1330 1378 1387 1415 1454 1464 1523 1568 1605 1652
1711 1769 1795 1801 3052 3054 3150 3177 3183 3183 3188 3189
3196 3198 3209
AM1 UHF
62.7 122 158 210 230 263 352 387 421 478 480 518
568 593 607 728 731 784 805 810 846 870 890 933
939 946 962 1020 1051 1170 1181 1196 1204 1214 1249 1270
1307 1314 1360 1387 1394 1426 1460 1477 1502 1520 1548 1621
1628 1654 1670 1692 3027 3042 3133 3150 3179 3184 3187 3188
3195 3197 3202
Gaussian 94: 6-31G(d,p) (6D, 7F)
69.2 77.5 122 184 195 236 324 404 425 469 473 497
519 594 601 646 707 707 750 775 775 826 845 845
901 924 940 978 979 1011 1037 1095 1102 1135 1154 1166
1211 1236 1251 1254 1304 1358 1310 1358 1367 1444 1454 1460
1501 1541 1561 1610 2934 2977 3056 3093 3097 3103 3112 3115
3123 3127 3129
Principal moments of inertia/10™*° gm-cm?
Method I, I,
PM3 586.988370 913.423397 1444.278408
AM1 590.794346 914.142521 1449.936220
AM1 UHF (spin=0.5; §2=1.647181) 636.187021 842.428679 1456.250372
Gaussian 947! (§2=0.7671) 509.0936 1077.74519 1581.2895

Brinkmann and Burcat® I,(—CH-CH,)=40.3467 o,=1 Benson® V(3)=2.9 kcal/mol
Brinkmann and Burcat® /,(—CH;)=4.17138 o, =1 Benson* V(3)=2.8 kcal/mol

Enthalpy of formation/kcal-mol ™!

Method AH(298.15K)
PM3 58.00
AM1 . 59.83
AM1 UHF 4727
Gaussian 94%! 48.58
NIST 943 52.7

*C,(298.15 K)=44.2 cal-K~"mol ™! and $(298.15 K)=97.9 cal-K~!mol ™

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ! Ionization potential/eV
PM3 119.022 9.094

AM1 122.841 8.987

AM1 UII 121.456 3.401

Gaussian 942! 115.662*

*zero point vibrational energy

489

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000



490

TABLE - 22.

(mol wt=155.219 340)

CURRAN ET AL.

Thermodynamic properties of

the 1-CyH,CH-CH, B-ethyl

1-naphthalene radical

T c, Hy—Hagg Sy —(Gy—Hog)/T Hy AgH,
(K) @/molK)  (kJ/mol) (J/mol K) (J/mol K) (kJ/mol) ~ (kJ/mol) Log K
0 e —29373 e e 191.124  250.340 R
100 69.269 —24.665 301.980 548.632 195.832  237.817 = —137.9724
200 123.793 —15.111 366.049 441.604 205.386  228.630 —76.8230
298.15 184.272 0.000 426.717 426.717 220497 220497 —57.4768
300 185.400 0.342 427.861 426.721 220.839  220.358 —57.2387
400 242.381 21.805 489.212 434.700 242302  213.561 —47.7867
500 289.306 48.476 548.533 451.580 268.973  208.236 —42.2765
600 326.682 79.346 604.712 472.468 299.843  204.068 —38.6860
700 356.698 113.568 657.405 495.166 334.065 200.861 —36.1679
800 381.280 150.506 706.692 518.560 371.002 198.503 —34.3058
900 401.769 189.638 752.819 1 542054 410.185 196.913 —32.8717
1000 419.056 230.753 796.069 565.316 451.250  195.968 —31.7315
1100 433.163 213.413 836.7/18 588.160 493910 195.585 -30.8022
1200 446.345 317.435 875.013 610.484 537932  195.666 —30.0281
1300 457.157 362.623 911.178 632.237 583.120  196.113 —29.3729
1400 466.482 408.817 945.406 653.395 629.313 196.824 —28.8083
1500 474.555 455.878 977.¥72 673.954 676.375 197.165 —28.3185
1600 481.566 503.692 1008.728 693.921 724.189  198.850 —27.8873
1700 487.678 552.161 1038.111 713.310 772.658  200.024 —27.5041
1800 493.025 601.202 1066.140 732.139 821.699  201.256 —27.1616
1900 497.717 650.744 1092.925 750.428 871.241 202.503 —26.8534
2000 501.850 700.727 1118.562 768.199 921.224  203.743 —26.5737
2100 505.503 751.099 1143.138 785.472 971.595 204951 —26.3200
2200 508.741 801.814 1166.730 802.269 1022311 206.087 —26.0874
2300 511.621 852.835 1189.409 818.611 1073332 207.167 —25.8742
2400 514.192 904.128 1211.239 834.519 1124.625  208.156 —25.6781
2500 516.492 955.664 1232.277 850.011 1176.161  209.025 —25.4960
2600 518.557 1007.418 1252.575 865.106 1227915  209.808 —25.3276
2700 520.415 1059.369 1272.181 879.822 1279.865  210.458 —25.1716
2800 522.093 1111.496 1291.138 894.175 1331.992  210.985 —~25.0263
2900 523.611 1163.782 1309.486 908.182 1384279  211.377 —24.8900
3000 524.989 1216.213 1327.261 921.856 1436.710  211.602 —24.7624
3100 526.241 1268.776 . 1344.496 935.213 1489.272  211.724 ~24.6443
3200 527.383 1321.458 1361.221 948.266 1541954  211.670 —24.5327
3300 528.427 1374.249 1377.466 961.027 1594746  211.466 ~24.4279
3400 529.382 1427.140 1393.256 973.508 1647.637 211.108 —24.3294
3500 530.259 1480.123 1408.614 985.722 1700.620 210.570 —24.2373
3600 531.065 1533.190 1423.563 997.677 1753.686  209.886 —24.1497
3700 531.807 1586.334 1438.124 1009.385 1806.830  209.019 —24.0679
3800 532.492 1639.549 1452.316 1020.855 1860.046  207.981 —23.9900
3900 533.126 1692.830 1466.156 1032.097 1913.327  206.778 —23.9173
4000 533.713 1746.173 1479.661 1043.118 1966.670  205.370 —23.8479
4100 534,257 1799.572 1492.846 1053.926 2020.068  203.817 —23.7833
4200 534.762 1853.023 1505.727 1064.531 2073.520  202.068 —23.7217
4300 535233 1906.523 1518.316 1074.938 2127.020  200.125 -—23.6630
4400 535.672 1960.068 1530.625 1085.155 2180.565  197.960 —23.6075
4500 536.081 2013.656 1542.668 1095.189 2234.153 195.648 -23.5558
4600 536.463 2067.284 1554.455 1105.045 2287.780  193.157 —23.5067
4700 536.821 2120.948 1565.996 1114.730 2341.445 190.495 —-23.4603
4800 537.157 2174.647 1577.301 1124.250 2395.144  187.653 —23.4169
4900 537471 2228.379 1588.380 1133.609 2448 875 184.637 —23.3759
5000 537.767 2282.141 1599.242 1142.814 2502.638 181.322 —23.3362
5100 538.045 2335931 1609.894 1151.868 2556.428 177.971 —23.3005
5200 538.307 2389.749 1620.344 1160.777 2610.246 174.367 —23.2656
5300 538.553 2443.592 1630.600 1169.545 2664.089 170.580 —23.2329
5400 538.786 2497.459 1640.669 1178.177 2717956  166.617 —23.2022
5500 539.006 = 2551.349 1650.558 1186.676 2771.846 162.477 —23.1733
5600 539.214 2605.260 1660.272 1195.047 2825.757 158.159 —23.1459
5700 539410 2659.191 1669.817 1203.292 2879.688  153.673 —23.1206
5800 539.596 2713.142 1679.200 1211.417 2933.638 © 149.017 —23.0967
5900 539.773 2767.110 1688.426 1219.424 2987.607  144.195 ~23.0742
6000 539.940 2821.096 1697.499 1227.316 3041.593 139.215 —23.0534
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TaBLE 23. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-vinyl naphthalene
C;oH,CH=CH,. The properties marked in bold were chosen for thermodynamic calculations

AM1
83 118 172 203 277 351 401 447 475 513 531 543
589 648 685 772 822 826 853 864 921 950 961 974
986 999 1007 1052 1055 1153 1181 1194 1209 1217 1252 1296
1301 1341 1377 1417 1471 1528 1529 1609 1634 1703 1765 1790
1802 1857 3147 3178 3180 3180 3185 3185 3189 3195 3198 3215

AM1 UHF

71 105.7 158 197 255 348 385 424 466 487 509 525
573 637 650 735 789 813 817 855 882 906 935 946
953 959 967 1024 1049 1141 1176 1191 1205 1212 1253 1297

1305 1350 1396 1424 1460 1503 1516 1522 - 1591 1644 1651 1681
1695 1704 3146 3180 3182 3183 3186 3187 3191 3196 3200 3215

Gaussian 94 BP86/6-31G(d,p) (6D, 7F)

85.8 119 175 199 250 334 397 428 462 482 498 527
587 610 685 702 722 768 780 . 788 843 847 883 886
915 935 948 989 1000 1021 1035 1089 1139 1154 1164 1217

1226 1250 1295 1348 1379 1393 14.16 1435 1455 1513 1576 1591
1620 1644 3074 3083 3093 3096 3105 3110 3120 3124 3130 3168

Principal moments of inertia/10™% gm-cm?

Method 1, I, I,

PM3 . .

AM1 523.202335 978.416462 1482.910832
AM1 UHF 516.299297 994.652657 1502.158671
Gaussian 942! 526.18944 1005.9202 1520.2459

Brinkmann and Burcat®: 1,(— CH,=CH,)=33.9278; ROSYM=2; V(2)=3.06 kcal-mol ™! [Head-Gordon]**

Enthalpy of formation/kcal-mol *

Method AH°(298.15K)
PM3

AM1 -59.04
AM1 UHF 56.09
Gaussian 94%! 48.04
NIST 9435% 51.4
Liebmann?®® ' 51.0
Marinov2® 52.99

*C,(298.15K)=43.2 cal-K™-mol ™" and §(298.15 K)=96.9 cal-K™"-mol~*

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ™! Ionization potential/eV
PM3
AM1 116.698
AM1 UHF 114.667 8.793
Gaussian 94 BP86/6-31g 109.94699* .
Liebmann®® ) amn

*zero point vibrational energy
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1-vinyl-naphthalene. Table 24 lists the thermodynamic data
of 1-vinyl-naphthalene.

3.12. 1-Vinyl-Naphthalene a~Radical: C,oH,CH=CH-

This radical was estimated by Wang and Frenklach.*® The
vibrations chosen for this species were from our Gaussian 94
BP86/6-31G calculations. The internal rotation moment of

CURRAN ET AL.

inertia and rotation barrier were taken from the styrene radi-
cal. The value of the internal moment of inertia was calcu-
lated with the Brinkmann and Burcat program for the sake of
compatibility with the other vinyl-naphthalene species,
although a different value was mentioned by Melius
(see Table 2). The following data were obtained for various
conditions.

Comparison of data obtained for the 1-naphthyl-1-vinyl radical

Cp(298) keal/mol §(298) cal/mol K

Source of Data

40.7 100.2
399 100.8
41.323 96.614
41.069 96.564
40.096 98.226

NIST 94 estimate (Ref. 35)
Wang and Frenklach estimate (Ref. 48)

This study with internal moments of inertia for the styrene
radical

This study with no internal moment of inertia
This study with moment of internal rotation and barrier
V(2)=0. ’

The full internal moments of inertia for styrene were cho-
sen since it is believed that this possibility is the correct one,
although if the internal rotational barrier is taken as zero, the
calculated values are closer to the other estimates. The $2
=1.921 shows a condition close to a triplet for this radical.
For the enthalpy of formation, the value from Wang and
Frenklach*® A H,gs=112.3 keal/mol, was adopted. Table 25
lists all the literature and calculated molecular vibrations,
moments of inertia and enthalpies of formation of the
1-viuyl-naplihalene w-radical. Table 26 lists the erody-
namic data of the 1-vinyl-naphthalene « radical.

3.13. 1-Naphthalene g-vinyl Radical: C;gH,C-=CH,

This radical was estimated by Marinov e al?® The
MOPAC/AMI1 method failed, but PM3 and AM1/UHF were
successful. The internal rotation moment of inertia was cal-
culated with the Brinkmann and Burcat program for the rel-
evant styrene radical, and the rotation barrier was estimated.
This radical shows a half way doublet-triplet condition ac-

cording to the $%=1.694 value. Marinov ef al.’s? enthalpy -

of formation of A ,03=98.52 kcal/mol was chosen. Table
27 lists all the literature and calculated molecular vibrations,
moments of inertia and enthalpies of formation of
1-naphthalene a-vinyl-radical. Table 28 lists the thermody-
namic data of 1-naphthalene a-vinyl radical.

3.14. 1-Ethynyl Naphthalene: C;H,;C,H

This species was calculated by Wang and Frenklach® and
by Marinov ez al.”® and estimated by Liebmann,*® The inter-
nal rotation moment of inertia for the ethynyl extension is 0
(see Table 2), therefore the Jowest vibration, 102 cm ™}, was
included in the calculation. The $%=0.8534 value shows that
the UHF calculation is close to a doublet, thus the molecule
is UHF unstable. The enthalpy of formation calculated by
Wang and Frenklach*® was adopted. Table 29 lists all the
literature and calculated molecular vibrations, moments of
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inertia and enthalpies of formation of 1-ethynyl-naphthalepe.
Table 30 lists the thermodynamic data of 1-ethynyl-
naphthalene.

3.15. 1-Ethynyl Naphthalene Radical: C,,H,C=C-

There is no quotation of this radical in the literature. The
internal rotation moment of inertia is 0, as for the parent
molecule, therefore the lowest vibration of 92.2 cm~1 was
included in the calculation. The S?=1.481 value shows that
the UHF calculation is between a doublet and a triplet con-
dition, thus the molecule is UHF unstable. The enthalpy of
formation estimated by the NIST 94 program or the Gaussian
94 one should be close to reality and so is the value proposed
by Wang and Frenklach,*’ since the enthalpy of formation
for 8-ethynyl-naphthalene-1-y1 (a radical on the naphthalene
ring) is 149.3 kcal/mol. Table 31 lists all the literature and
calculated molecular vibrations, moments of inertia and en-
thalpies of formation of 1-ethynyl-naphthalene radical. Table
32 Iists the thermodynamic data of the 1-ethynyl-naphthalene
radical.

3.16. 1-Naphthol: C,H,OH

The thenmodypamic properties of 1- and 2-paphthol were
calculated by Kudchadker, Kudchadker and Zwolinski®* us-
ing experimental measurements gathered from the literature.
The IR spectruam of naphthol is available in the NIST
WebBook.! The Benson group additivity method is relatively
easy and straightforward. Since the molecule contains oxy-
gen, it is assumed that the MOPAC/PM3 method is superior to
AM1.* The vibrations from the IR spectrum were used for
the thermodynamic calculations and they were supplemented
with values from Gaussian 94 BP86/6-31G(d,p)(6D,7F).
These data appear to be superior to those provided by Kud-
chadker et al.?* The internal rotation moments of inertia and
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TABLE 24. Thermodynamic properties of 1-C;oH;CH=CH, vinyl 1-naphthalene (mol wt=154.211400)

T C, Hy—Hjg St ~(Gr—Hay)/T Hy AfHy

(K) (J/molK)  (kJ/mol)  (J/molK) (I/mol K) (kJ/mol)  (kJ/mol) Log K

0 e —27.738 e e 187.319 242302 e
100 65.522 —23.060 284.297 514.894 191998  231.248 —132.8346
200 115.222 —14.159 344029 414.824 200.899  222.755 —73.3203
298.15 173.671 0.000 . 400.851 400.851 215.058  215.058 —54.4621
300 174.771 0.322 401.929 400.854 215380  214.925 —54.2298
400 230.540 20.658 460.044 408.400 235715  208.453 —45.0074
500 276.629 46.101 516.628 424,426 261.158  203.362 —39.6277
600 313.349 75.670 570.436 444320 290.727 199.357 —36.1206
700 342.771 108.528 621.029 465.990 323.585 196.256 —33.6604
800 366.781 144.044 668.419 488.364 359.102 193.953 —31.8410
900 386.714 181.748 712.805 510.863 396.806 192.372 —30.4398
1000 403.476 221.281 754.442 533.161 436.339 191.397 —29.3261
1100 417.697 262.359 793.583 555.074 477.417 190.951 ~—28.4186
1200 429.840 304.752 830.461 576.501 519.809 190.942 —27.6630
1300 440.259 348.270 865.289 597.389 563.327 191.279 —27.0238
1400 449.239 392.756 898.252 - 617.712 607.813 191.864 —26.4733
1500 457.009 438.077 929.518 637.466 653.135 192.670 ~—25.9959
1600 463.757 484.124 959.233 656.656 699.181 193.613 —25.5760
1700 469.640 530.800 987.529 675.293 745.858 194.640 —25.2030
1800 474.787 578.027 1014.522 693.395 793.085 195.725 —24.8698
1900 4793077 625.737 1040.316 710.981 840.794 196.826 —24.5702
2000 483.288 673.871 1065.004 728.069 888.928 197.922 —24.2984
2100 486.808 722.379 1088.671 744.681 937.437 198.989 —24.0520
2200 489.930 771.219 1111.391 760.837 986.277 199.990  —23.8262
2300 492.707 820.353 1133.231 776.556 1035411 200.938 —23.6193
2400 495.186 869.750 1154.254 791.858 1084808  201.802 ~-23.4292
2500 497.404 919.382 1174.514 806.762 1134.440  202.551 —23.2527
2600 499.395 969.224 1194.062 821.284 1184.281 203.220 —23.0895
2700 501.187 1019.254 1212.944 835.442 1234.312 203.762 —22.9385
. 2800 502.803 1069.455 1231.201 849.252 1284.513  .204.187 —22.7978
2900 504.265 1119.810 1248.871 862.729 1334.867 204.484 —22.6659
3000 505.591 1170.304 1265.989 875.887 1385.361 204.621 —22.5425
3100 506.796 1220.924 1282.587 888.740 1435.982  204.659 —22.4283
3200 507.893 1271.659 1298.695 901.301 1486.717  204.529 —22.3205
3300 508.895 1322.499 1314.339 913.581 1537.557  204.255 —22.2193
3400 509.811 1373435 1329.545 925.593 1588.493  203.833 —22.1241
3500 510.651 1424.459 1344.335 937.347 1639.517 203.237 22.0352
3600 511.422 1475.563 1358.732 948.853 1690.621 202.502 —21.9507
3700 512.131 1526.741  1372.754 960.121 1741.799  201.590 —21.8718
3800 512.785 1577.988 1386.420 971.160 1793.045  200.514 —21.7967
3900 513.388 1629.297 1399.748 981.980 1844354  199.279 —21.7266
4000 513.946 1680.664 1412.753 992.587 1895.721 197.846 —21.6597
4100 514.463 1732.085 1425.450 1002.990 1947.142  196.273 -21.5975
4200 514.942 1783.555 1437.853 1013.197 1998.613 194.512 —21.5382
4300 515.388 1835.072  1449.975 1023.214 2050.130  192.562 —21.4817
4400 515.802 1886.632 1461.829 1033.049 2101.689 190.398 —21.4283
- 4500 516.188 1938.231 1473425 1042.707 2153.289 188.092 —21.3785
4600 516.548 1989.868 1484.774 1052.194 2204.926 185.614 —21.3313
4700 516.884 2041.540 1495.886 1061.516 2256.598 182.970 —21.2868
4800 517.198 2093.244  1506.772 1070.679 2308.302  180.154 —21.2452
4900 '517.493 2144979 1517.439 '1079.688 2360.037 177.169 —21.2058
5000 517.769 2196.742 1527.897 1088.548 2411.800  173.892 -21.1677
5100 518.028 2248.532 1538.153 1097.264 2463.590 170.584 —21.1334
5200 518.272 2300.348 1548.214 1105.840 2515.405 167.027 —-21.1000
5300 518.501 2352.186 1558.088 1114.280 2567.244 163.294 —21.0687
5400 518.716 2404.047 1567.782 1122.588 2619.105 159.390 —21.0394
5500 518.919 2455.929 1577.302 1130.770 2670.987 155.313 —21.0117
5600 519.111 2507.831 1586.654 1138.827 2722.888 151.063 —20.9856
5700 . 519.292 2559.751 1595.844 1146.765 2774.808 146.648 —20.9614
5800 519.464 2611.689 ~ 1604.877 1154.586 2826.746 142.067 —20.9386
5900 519.626 2663.643 1613.758 1162.293 2878.701 137.323 —20.9171
6000 519.779 2715.614 1622.493 1169.890 2930.671 132.425 —20.8973

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000
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TaBLe 25. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-vinyl trans-
naphthalene a-radical C;jH,CH=CH-. The propesties marked in bold were chosen for thermodynamic calcu-
lations

AM1
55.3 105.9 164 198 257 300 366 402 444 483 521 538
562 596 665 760 791 814 838 845 882 903 928 951
963 977 997 1004 1145 1181 1193 1207 1210 1230 1257 1300
1329 1358 1460 1521 1528 1604 1634 1705 1763 1787 1803 1883
3141 3179 3181 3183 3185 3190 3197 3199 3428

AM1 UHF
76 1137 1595 201 258 349 376 425 452 479 487 530
553 578 658 708 732 786 810 828 860 877 890 907

938 948 955 967 1135 1176 1188 1205 1209 1244 1259 1304
1340 1404 1464 1501 1509 1526 1579 1638 1655 1677 1693 1699
3119 3180 3184 3185 3186 3191 3196 3200 3387

Wang and Frenklach (Ref. 48)

100 155 179 246 315 410 462 425 450 494 511 529

561 631 719 749 769 791 796 822 843 875 900 910

927 947 954 1079 1114 1120 1133 1133 1143 1158 1184 1230
1258 1284 1382 1440 1447 1516 1549 1616 1668 1695 1710 1778
2928 3010 3012 3018 3020 3021 3027 3031 3274

Gaussian 94:BP86/6-31G(d,p) (6D, 7F)

742 116 172 193 255 321 403 427 462 480 506 528
576 610 661 695 719 762 779 782 832 843 863 876
886 915 934 948 1003 1032 1079 1139 1154 1161 1206 1220

1228 1256 1353 1378 1393 1433 1452 1512 1568 1590 1607 1621
3030 3094 3097 3106 3110 3120 3124 3130 3173

Principal moments of inertia/10™% gm.cm?

Method . I, A A
PM3
AM1 512.785792 957.660096 1458.484175
AM1 UHF 505.892865 975324590 1476.242369
Gaussian 94% 520.35181 976.71638 1484.4918

Wang and Frenklach® 1,1,1,~720937.06<107'"7

Melius®: J,(— CH=CH-)=19.64385 ROSYM=2 V(2)=4.4 kcal/mole
Brinkmann and Burcat®; 1,(— CH=CH-)=27.3405

Enthalpy of formation/kcal-mol ™

Method A fH °(298.15K)
PM3
AM1 109.08
AM1 UHF (spin=0.5; $2=1.921067) 99.88
Gaussian 94%! 106.23
Wang and Frenklach?®* : 112.3
NIST 9435%% 109.2

*C,(298.15 K)=39.9 cal-K™"mol ™! and $(298.15 K)=100.8 cal-K™!-mol !
*+(,(298.15 K)=40.7 cal'K™'-mol " and $(298.15 K)=100.2 cal-K ™ "-mo} ™"

Zero Point Epergy and Ionization Potential

Method * Zero point energy/kcal'mol ! - Tonization potential/eV
PM3
AM1 107.41
AM1 UHF 106.061 8.865
Gaussian 947! 101.48180*

*zero point vibrational energy

barrier were taken from Kudchadker et al.?* The S? values  was proposed by NIST 98.% Table 33 lists all the literature
shows that both UHF calculations, PM3 ($2=0.706) as well and calculated molecular vibrations, moments of inertia and
as AMI (52=0.842), are close to a doublet, thus the mol-  enthalpies of formation of 1-naphthol. Table 34 lists the ther-
ecule is UHF unstiable. The enthalpy of formation chosen  modynamic data of 1-naphthol.
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TaBLE 26. Thermodynamic properties of the 1-C,0H;CH=CH- I-naphthyl a-vinyl radical (mol wt

=153.203 46)
T &M Hy—Hog Sr —(Gr—Hagg)/T Hy AHy

(K) (J/moiK)  (k¥/mol)  (J/mol K) (¥/mol K) (k¥/mol)  (k¥/mol) Log K

0 ————— —27.649 e e 442214 492963 = e
100 65.412 —23.033 287.780 518.112 446.830 483346  —261.7010
200 115.260 —14.131 347.515 418.170 455732 476202 —136.2113
. 298.15 172.891 0.000 404.234 404.234 469.863  469.863 —95.5122
300 173.967 0.321 405.307 404.237 470.184  469.756 —95.0047
400 228.166 20.501 462.986 411.734 490.364  464.581 —74.6639
500 272420 45.616 518.845 427.613 515479  460.623 —62.5809
600 307.250 74.669 571.719 447.271 544.532  457.567 —54.5866
700 334.833 106.825 621.233 468.626 576.688  455.233 —48.9104
800 357.115 141.460 667.448 490.623 611.323  453.525 —44.6727
900 375.465 178.117 710.603 512.695 647980  452.384 —41.3868
1000 390.801 216.453 750.979 534.527 686.316  451.713 —38.7631
1100 403.753 256.198 788.851 555.944 726.061  451.455 -36.6191
1200 414.776 297.139 824.467 576.852 767.002  451.533 —34.8325
1300 424.212 339.100 858.049 597.203 808.964 451.873 —33.3207
1400 432332 381.938 889.792 616.979 851.801  452.393 —32.0224
1500 439351 425.530 919.864 636.178 895.393  453.073 —30.8971
1600 445.444 469.777 948.419 654.808 939.640  453.842 —29.9106
1700 450.754 514.593 975.586 672.885 984.456  454.655 —29.0381
1800 455.401 559.906  1001.485 690.427 1029.769  455.493 —28.2613
1900 459.482 605.654  1026.219 707.454 1075.518  456.319 —27.5651
2000 463.080 651.786 1049.881 723.988 1121.649  457.118 —26.9368
2100 466.262 698.257 1072.553 740.050 1168.120  457.870 -26.3682
2200 469.087 745.027 1094.310 755.662 1214.890  458.540 -25.8500
2300 471.601 792.064  1115.219 770.843 1261.927  459.146 —25.3764
2400 473.846 839.338 1135.338 785.614 1309.201  459.658 —24.9421
2500 475.857 886.825 1154.723 799.993 1356.688  460.048 —24.5413
2600 477.663 934.503 1173.422 813.998 1404.366  460.350 ~24.1713
2700 479.288 982.352  1191.480 827.646 1452.215  460.523 —23.8291
2800 480.755 1030.355 1208.938 840.954 1500218  460.574 —23.5111
2900 482.082 1078.498  1225.832 853.936 1548.361  460.496 —23.2144
3000 483.285 1126.767 1242.196 866.607 1596.630  460.257 —22.9375
3100 484.378 1175.151  1258.061 878.980 1645.014 459918 —22.6798
3200 485.373 1223.640 1273455 891.068 1693.503 459411 —224377
3300 486.281 1272.223 1288.405 902.883 1742086  458.762 —22.2104
3400 487 111 1320.893 1302.934 914436 1790.756 457965 -21.99A9
3500 487.870 1369.643  1317.066 925.739 1839.506  456.997 —21.7965
3600 488.567 1418465  1330.819 936.801 1888.328  455.891 ~21.6069
3700 489.207 1467.354 1344214 947.632 1937.218  454.611 —21.4286
3800 489.796 1516.305 1357.268 958.241 1986.168  453.171 —21.2596
3900 490.338 1565.312  1369.998 968.636 2035.175  451.573 —21.1006
4000 490.839 1614.371 1382.419 978.826 2084.234  449.782 —20.9492
4100 491.302 1663478  1394.545 988.818 2133342 447.855 —20.8068
4200 491730 - 1712.630  1406.389 998.620 2182493  445.743 —20.6713
4300 492.127 1761.823 1417.965 1008.238 2231.686  443.446 —20.5422
4400 492.495 1811.055  1429.283 1017.679 2280.918  440.939 —20.4196
4500 492.837 1860.321 1440.354 1026.949 2330.185  438.296 —20.3038
4600 493.155 1909.621 1451.190 1036.055 2379.484 435.484 —20.1935
4700 493.452 1958.952 = 1461.799 1045.001 2428815 432510 —20.0886
4800 493.728 2008.311  1472.191 1053.792 2478.174  429.369 —19.9892
4900 493.986 2057.697 1482.374 1062.435 2527560  426.063 —19.8946
5000 494.227 2107.107  1492.356 1070.934 2576.971  422.469 —~19.8034
5100 494.452 2156.541 ~ 1502.145 1079.294 2626405  418.850 —19.7183
5200 494.663 2205.997 1511.749 1087.518 2675.861  414.984 —19.6360
5300 494.861 2255474  1521.173 1095.612 2725337  410.947 —19.5578
5400 495.047 2304.969 1530.425 1103.578 2774.832 406.742 —19.4832
5500 495.221 2354.483 1539.510 1111.422 2824.346  402.367 —19.4120
5600 495.385 2404.013 1548.435 1119.147 2873.876  397.823 —19.3441
5700 495.539 2453.559  1557.204 1126.755 2923422  393.117 —19.2795
5800 495.684 2503.121 1565.824 1134.251 2972984  388.247 —19.2178
5900 495.821 2552.696  1574.298 1141.638 3022.559  383.216 —19.1588
6000 495.950 2602.284 1582.633 3072.147  378.032 —19.1027

1148.919

495
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TABLE 27. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-vinyl-naphthalene
B-radical C,gH,C-=CH,. The properties marked in bold were chosen for thermodynamic calculations

pPM3
76.9 132 151 176 273 - 373 384 406 443 456 500 506
569 593 613 727 767 782 807 814 863 860 903 913
966 981 983 1012 1084 1104 1123 1133 1156 1173 1184 1220
1236 1279 1310 1409 1482 1486 1570 1620 1700 1755 1811 2090
3045 3050 3053 3064 3064 3075 3077 3098 3099

AM1 UHF
76.5 132 154 172 258 370 378 379 430 464 476 519
570 585 630 719 783 792 801 848 867 889 933 939
942 946 964 1002 1128 1169 1181 1199 1206 1236 1270 1309
1355 1392 1469 1477 1493 1526 1546 1617 1648 1663 1689 2071
3132 3179 3180 3183 3186 3190 3191 3197 3200

Gaussian 94: 6-31G(d,p) (6D, 7F)

81.5 125 163 176 257 339 402 419 431 474 483 524
532 578 611 683 706 749 767 776 818 838 847 852
917 922 947 948 1013 1034 1075 1130 1146 1159 1166 1215

1254 1304 1358 1374 1413 1429 1435 1494 1524 1555 1607 1882
2998 3052 3095 3101 3104 3114 3116 3126 3132

Principal moments of inertia/10”% gm-cm?

Method I, I, I,
PM3 574.670698 900.861344 1469.881 164
AM1

AM1 UHF 580.328951 909.027637 1483.558418
Gaussian 94°* =584.10493 928.99705 1507.2887

Brinkmann and Burcat’: I,=32.31365, ROSYM=2; V(2)=4.6 keal-mol ™! (estimated)

Enthalpy of formation/kcal-mol ™!

Method A H°(298.15K)
PM3 102,01
AM1
AMI1 UHF (spin=0.5; $2=1.693939) 85.34
Gaussian 94%' ($2=0.7681) 85.87
Marinov? 98.52
Zero Point Energy and Ionization Potential
Method Zero point energy/kcal-mot ™! Tonization potential/eV
PM3 103.803 7.357
AM1
AM1 UHF 106.262 8.402
Gaussian 94 BP86/6-31g 101.169*

*zero point vibrational energy

3.17. 1-Naphthoxy Radical: C;gH,0-

The thermodynamic properties of the naphthoxy radical
mentioned were cstimated by Marinov et al® The §2
=1.3858 value shows that the UHF calculation is between a
doublet and a triplet, thus the molecule is UHF unstable. The
Gaussian 94 vibrations and moments of inertia were used.
The enthalpy of formation was taken from the NIST 94
estimation.®® Table 35 lists all the literature and calculated
molecular vibrations, moments of inertia and enthalpies of
formation of the 1-naphthoxy radical. Table 36 lists the ther-
modynamic data of the 1-naphthoxy radical.

3.18. 1-Ethanol Naphthalene: C;(H,C,H;0H

No calculations or estimations for this species were found
in the literature. The vibrations and moments of inertia were

J. Phys. Chem. Ref. Data, Vol. 29, No. 3, 2000

taken from the Gaussian 94 calculation. The internal rotation
moments of inertia were calculated for phenyl-ethanol using
the Brinkmann and Burcat progra\m.6 The energy barriers
were taken from Chao ef al.!! The $2=0.780 value shows
that the UHF calculation is close to a doublet, thus the mol-
ecule is UHF unstable. Table 37 lists all the literature and
calculated molecular vibrations, moments of inertia and en-
thalpies of formation of 1-ethanol-naphthalene. Table 38 lists
the thermodynamic data of 1-ethanol-naphthalene.

3.19. 1-Naphthaldehyde: C;,H,CHO

No calculations or estimations for this species were found
in the literature. The IR spectrum is available in NIST 97.!
The vibrations read from this spectrum were used for the
calculation of the thermodynamic properties. They were
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TaBLE 28. Thermodynamic properties of C,gH,C-=CH, B-viny! 1-naphthalene (mol wt=153.203 460)

T C, Hy—Hygg St —(Gr—Hy)/T Hy AgHr
(K) (J/mol K) (kJ/mol) (J/mol K} (J/mol K) (kJ/mol) (kJ/mol) Log K
[0 28077 e e 384.131 434879 e
100 66.222 —-23.422 288.816 523.039 388.785 425.301 —231.3282
200 117.529 —14.357 349.621 421.404 397.851 418.320 —120.9846
298.15 175.034 0.000 407.260 407.260 412.208 412.208 —85.2533
300 176.099 0.325 408.346 407.263 412.532  412.104 —84.8081
400 229.657 20.686 466.552 414.837 432.894  407.111 —66.9730
500 273.385 45.922 522.684 430.839 458.130  403.274 —56.3894
600 307.889 75.054 575.702 450.611 487262  400.297 —49.3928
700 335.295 107.264 625.299 472.065 519472  398.017 —44.4286
800 357.488 141.940 671.570 494.144 554.148 396.350 —40.7244
900 375.794 178.633 714.766 516.285 590.840  395.244 —37.8531
1000 391.107 217.000 755.176 538.176 629207  394.605 -35.5610
1100 404.043 256.775 793.076 559.644 668.983 394.376 —33.6881
1200 415.053 297.744 828.717 580.596 709.952 394.483 —32.1272
1300 424475 339.733 862.320 600.988 751.940  394.850 —30.8064
1400 432,578 382.595 894.081 620.799 794.803  395.395 —29.6717
1500 439.577 426212 924.171 640.030 838.419 396.099 —28.6882
1600 445.648 470.480 952.739 658.689 882.688 396.889 —27.8257
1700 450.934 515315 979.918 676.792 927.523 397.722 —27.0625
1800 455.555 560.645 1005.827 694.357 972.852  398.576 —26.3829
1900 459.608 606.407 1030.568 711.406 1018.615 399.417 ~-25.7736
2000 463.177 652.550 1054.236 727.960 1064.758 400.226 —25.2235
2100 466.330 699.029 1076.912 744.041 1111.236  400.986 —24.7257
2200 469.124 745.804 1098.671 759.669 1158.012  401.662 —24.2718
2300 471.608 792.843 1119.581 774.866 1205.051 402.270 —23.8569
2400 473.824 840.117 1139.700 789.651 1252.324  402.781 —23.4764
2500 475.806 887.600 1159.083 804.043 1299.808  403.167 —23.1251
2600 477.583 935.271 1177.780 818.060 1347479  403.463 —22.8009
2700 479.181 983.111 1195.834 831719 1395.318  403.627 —22.5010
2800 480.622 1031.102 1213.288 845.037 1443.310  403.666 —22.2223
2900 481.925 1079.231 " 1230.176 858.028 1491.438  403.574 —21.9622
3000 483.104 1127.483 1246.535 870.707 1539.691 403.317 —21.7195
3100 484.176 1175.848 1262.393 883.087 1588.055 402.959 —21.4938
3200 485.151 1224.315 1277.781 895.182 1636.523  402.431 —21.2816
3300 486.039 1272.875 1292.723 907.004 1685.083 401.758 —21.0826
3400 486.852 1321.520 1307.245 918.563 1733728  400.936 ~-20.8956
3500 487.595 1370.243 1321.369 929.871 1782.451 399.941 —20.7202
3600 488.277 1419.037 1335.115 940.938 1831.245 398.808 —20.5543
3700 488.904 1467.897  1348.502 951.773 1880.104  397.498 —20.3984
3800 489.480 1516.816 1361.548 962.385 1929.024  396.027 ~20.2506
3900 490.012 1565.791 1374.269 972.784 1977.999  394.397 —20.1117
4000 490.503 1614.817  1386.681 982.977 2027.025 392573 —19.9795
4100 490.957 1663.891  1398.799 992.972 2076.098  390.612 —19.8553
4200 491.378 1713.008  1410.635 1002.776 2125215  388.465 —19.7372
4300 491769 1762.165 1492907, 1012396 2174.373 386.133 —19.6246
4400 492.131 1811.361  1433.512 1021.839 2223.568  383.590 -19.5179
4500 492.468 1860.591  1444.575 1031.110 2272798  380.909 —19.4172
4600 492.783 1909.853  1455.402 1040.217 2322.061  378.060 -19.3214
4700 193.076 1959.116 1166.003 1049.164 2371.354 375.050 19.2304
4800 493.349 2008.468 1476.387 1057.956 2420.676  371.871 —19.1443
4900 " 493.605 2057.816 1486.562 1066.600 2470.023 368.527 —19.0624
5000 493.845 2107.188 1496.537 1075.099 2519.396  364.895 —18.9836
5100 494,069 2156.584 1506.319 1083.459 2568.792  361.237 -~ 18.9102
5200 494,280 2206.002 1515.915 1091.683 2618.210  357.333 —18.8393
5300 494 478 2255.440 1525.332 1099.777 2667.647 353.258 —18.7720
5400 494.664 2304.897 1534.576 1107.743 2717.105 349.014 —18.7080
5500 494.839 2354372 1543.654 1115.587 2766.580  344.601 —18.6469
5600 495.004 2403.864 1552.572 1123.311 2816.072  340.019 —18.5888
5700 495.159 2453.373 1561.335 1130.919 2865.580  335.274 —18.5337
5800 495.306 2502.896 1569.948 1138.414 2915.104  330.366 —18.4811
5900 495.445 2552.434 1578.416 1145.800 2964.641 325.298 —18.4310
6000 495.576 2601.985  1586.744 1153.080 3014.192  320.077 —18.3834
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TABLE 29. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-ethynyl naphthalene
C;oH,C=CH. The properties marked in bold were chosen for thermodynamic calculations

PM3
91.5 143 159 188 333 381 423 441 455 506 526 569
609 635 745 769 788 818 821 851 862 899 917 932
970 999 1015 1087 1103 1123 1136 1157 1177 1206 1233 1299
1430 1479 1483 1580 1608 1688 1783 1793 1823 2329 3045 3052
3053 3061 3064 3074 3077 3358
AM1
94.9 144.6 166 196 344 390 435 455 482 530 532 595
640 653 766 811 820 834 840 854 864 922 952 963
978 998 1005 1148 1177 1190 1207 1211 1252 1291 1322 1368
1462 1513 1526 1605 1632 1701 1763 1785 1801 2372 3175 3181
3183 3186 3189 3195 3199 3452
AM1 UHF
89.6 146 158 186 328 387 415 436 476 496 525 589
626 635 737 791 800 815 825 836 855 838 912 941
950 959 969 1140 1170 1182 1201 1207 1244 1286 1318 1399
1450 1496 1506 . 1518 1590 1648 1671 1688 1702 2318 3178 3183
3184 3188 3189 3196 3199 3449
Gaussian 94:BP86/6-31G(d,p) (6D, 7F)
102 132 171 200 337 359 431 441 462 479 507 532
565 571 596 635 686 724 762 781 787 848 850 882
922 938 954 1013 1029 1073 1139 1151 1163 1215 1224 1255
1344 1384 1393 1433 1451 1510 1574 1586 1621 2142 3096 3099
3107 3117 3120 3129 3132 3413
Principal moments of inertia/10”% gm-cm?

Method 1, I, I,
PM3 563.676361 874.751349 1438.426751
AM1 566.425740 876.558758 1442.983773
AM1 UHF . 568.214758 880.256936 1448.468
Gaussian 942! 574.61762 894.85562 1469.4732

Enthalpy of formation/kcal-mol™!
Method - AHP(298.15K)
PM3 92.82
AM1 96.10
AM1 UHF (spin=0.0; $?=0.853439) 93.73
Gaussian 94%! 83.75
Wang and Frenklach*"* 90.6
NIST 9435+ 90.0
Liebmann® 93.0
Marinov?® 80.49

*C,(298.15 K)=39.6 cal-K"mol ! and 5(298.15 K)=91.2 cal-K™"-mol !
¥¥Cp(298.15 K) —41.5 cal' K™ "ol ™ and 5(298.15K) = 94.1 cal-K~!-mol™!

Method

Zero Point Energy and. Ionization Potential

Zero point energy/kcal-mol ™! Tonization potential/eV
PM3 98.914 8.723
AM1 102.070 8.614
AM1 UHF 100.494 8.857
Gaussian 94 BP86/6-31g 95.161
Liebmann®® 8.03

*zero point vibrational energy

supplemented with values from the Gaussian 94 calculation.
The internal moments of inertia and barrier values were
taken from benzaldehyde listed by Ambrose et al.®

The problematic aspects of the Benson group values for
molecules with unknown experimental data can be shown
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here. The groups used to define these molecules are
7 X CB-/H (seven atoms of benzene ring type connected to
H), 2 X CBF-/CBF/CB/CB (two atoms of fused type rings
each connected to a similar atom and two benzene type
atoms), 1XCB-/C (one benzene type atom connected to a
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TaBLE 30. Thermodynamic properties of C,gH,C=CH 1-ethynyl naphthalene (mol wt=152.195 520)

T Cp Hyp—Hog Sr =(Gr—Hy)/T Hy AsHr
K) (ImolK)  (kF/mol)  (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K
0 e ~26.992 e ——— 352.078 398592 @ e
100 62.064 —22.586 278.123 503.980 356.485  390.266  —210.9560
200 113.645 —13.935 336.032 405.709 365.135 384.217 —109.6691
298.15 169.895 0.000 391.974 391.974 379.070  379.070 —76.8335
300 170915 0.315 393.028 391.977 379.386  378.984 —76.4241
400 221.646 20.020 449.365 399.314 399.091 374.787 —60.0139
500 262.749 44.319 503.416 414.778 423389 371474 —50.2676
600 295.265 72.283 554.310 433.838 451.353 368.793 —43.8220
700 321.217 103.154 601.846 454,484 482224  366.643 —39.2487
800 342.319 136.365 646.162 475.706 515436  364.988 —35.8370
900 359.781 171.497 687.521 496.969 550.567  363.808 —33.1934
1000 374.420 208.228 726.207 517.980 587.298 363.035 —31.0841
1100 386.809 246.306 762.490 538.576 625376  362.629 —29.3615
1200 397.368 285.528 796.612 558.672 664.599 362.528 —27.9267
1300 406.417 325.729 828.785 578.224 704.799  362.668 ~26.7132
1400 414211 366.770 859.196 597217 745.840  362.973 —-25.6713
1500 420.953 408.536 888.009 615.651 787.607  363.431 —24.7687
1600 426.811 450.931 915.368 633.530 830.002 363.9/4 —239/1715
1700 431.921 493.873 941.400 650.886 872.944  364.560 —23.2778
1800 436.399 537.294 966.217 667.721 916.365 365.172 —22.6550
1900 440.336 581.135 989.920 684.059 960.206  365.777 —22.0968
2000 443,813 625.346 1012.597 699.923 1004.417 366.360 —21.5932
2100 446.895 669.885 1034.326 715.334 1048.955 366.902 —21.1376
2200 449.636 714.714 1055.180 730.310 1093.784  367.371 —20.7223
2300 452.082 759.802 1075.222 744.874 1138.872  367.783 —20.3429
2400 454.274 805.122 1094.510 759.043 1184.192  368.111 —19.9952
2500 456.243 850.649 1113.095 772.835 1229.720  368.327 —19.6741
2600 458.018 896.364 1131.024 786.269 1275434  368.465 —19.3779
2700 459.622 942.247 1148.341 799.360 1321.318  368.484 —19.1041
2800 461.077 988.283 1165.083 812.124 1367.354  368.392 —18.8498
2900 462.399 1034.458 1181.286 824.576 1413.529  368.183 —18.6124
3000 463.604 1080.759 1196.983 836.730 1459.830  367.823 —18.3910
3100 464.705 1127.176 1212.202 848.597 1506.246 ~ 367.375 —18.1852
3200 465.714 1173.697 1226.972 860.192 1552.768 366.773 —-17.9919
3300 466.639 1220.316 1241.317 871.525 1599.386  366.039 —17.8105
3400 467.491 1267.023 1255.261 882.607 1646.093 365.170 —17.6401
3500 468.276 1313.812 1268.824 893.449 1692.882  364.143 —17.4804
3600 469.001 1360.676 1282.026 904.060 1739.746 362991 —17.3294
3700 469.672 1407.610 1294.885 914.450 1786.680  361.677 —17.1875
3800 - 470.294 1454.609. 1307.419 924.627 1833.679 360.215 —17.0531
3900 470.871 1501.667 1319.643 934.600 1R8R0.738 35R.610 —16 9268
4000 471.409 1548.781 1331.571 944.375 1927.852  356.824 —16.8065
4100 471.909 1595.948 1343.217 953.962 1975.018 354914.. —16.6937
4200 472.376 1643.162 1354.595 963.366 2022.233  352.832 —16.5864
4300 472 813 1690422 1365715 972.504 2069.492 350.579 —16.4812
4400 473.221 1737.724 1376.590 981.653 2116.794  348.129 © —16.3872
4500 473.604 1785.065 1387.229 990.548 2164.136 345555 -16.2958
4600 473.964 1832.444 1397.642 999.285 2211.514  342.825 —16.2089
4700 474.301 1879.857 1407.839 1007.869 2258.928 339.946 16.1264
4800 474.619 1927.303 1417.828 1016.306 2306.374 336912 —16.0485
4900 474918 1974.780 1427.617 1024.601 2353.851  333.725 —15.9743
5000 475.199 2022.286 1437.215 1032.758 2401.357  330.263 —15.9029
5100 475.466 2069.820 1446.628 1040.781 2448.890  326.786 —15.8366
5200 475.717 2117.379 1455.863 1048.674 2496.449  323.075 —-15.7724
5300 475.955 2164.963 1464.927 1056.443 2544.033  319.203 —15.7116
5400 476.180 2212:570 1473.825 1064.090 2591.640  315.173 ~15.6538
5500 476.393 2260.198 1482.565 1071.620 2639.269  310.985 —15.5987
5600 476.596 2307.848 1491.150 1079.035 2686.918  306.637 —15.5462
5700 476.788 2355.517 1499.588 1086.339 2734588  302.136 - 15.4966
5800 476.970 2403.205 1507.881 1093.536 2782276  297.481 —15.4492
5900 477.144 2450911 1516.037 1100.628 2829.981  292.673 —15.4041
6000 477.309 2498.634 1524.057 1107.618 2877.704  287.720 —15.3613
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TaBLE 31. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-ethynyl naphtha-
lene radical. CjyH,C=C-. The properties marked in bold were chosen for thermodynamic calculations

PM3
81.9 141 160 181 310 372 400 433 451 497 499 567
605 629 733 770 785 814 824 905 913 926 977 1001
1022 1087 1106 1124 1129 1155 1173 1208 17246 1291 1368 1400
1475 1490 1561 1627 1684 1749 1792 2223 3030 3041 3050 3052
3060 3065 3073
AM1
82.2 150 158 186 312 389 405 443 477 505 526 594
637 644 751 809 820 851 857 929 951 959 985 1000
1012 1150 1177 1188 1204 1209 1245 1291 1324 1352 1404 1444
1517 1522 1592 1646 1685 1736 1784 2198 3163 3170 3173 3180
3184 3185 3194
AMI1 UHF
79.7 149 159 11 263 377 386 425 471 474 520 588
608 640 729 793 800 - 819 848 891 902 946 948 955
974 1139 1167 1181 1198 1206 1240 1283 1317 1375 1462 1476
1490 1524 1543 1615 1643 1667 1690 2197 3170 3177 3182 3183
3185 3191 3196
Guaussian 94:BP86/6-31G(d,p) (6D, 7F)
922 118 165 184 306 328 411 437 452 471 523 526
557 628 684 723 755 779 788 848 861 895 934 948
967 1015 1030 1076 1132 1151 1163 1198 1221 1255 1324 1374
1393 1429 1438 1503 1541 1558 1604 1805 3102 3103 3113 3122
3123 3132 3141
Principal moments of inertia/10~*° gm-cm?

Method 1, 1, 1.
PM3 552.027495 858.082950 1410.064722
AM1 555.540153 859.883565 1415.420170
AM1 UHF 556.923602 866.271415 1423.182177
Gaussian 94 (Ir=10) 563.78083 873.50853 1435.8234

Enthalpy of formation/kcal-mol ™!

Method A H®(298.15K)
PM3 186.63
AM1 189.42
AM1 UHF (spin=0.5; $?=1.481 263) 177.52
Gaussian 94 152.10
NIST 94% 166.1
Zero Point Energy and Ionization Potential
Mecthod Zero point energy/keal-mol ™! Ionization potential/eV
PM3 90.532 8.739
AM1 93.452 8.561
AM1 UHF 92.448 9.289
Gaussian 94 BP86/6-31g . 87.809*

*zero point vibrational energy

carbon atom) and 1XCO-/CB/H (one CO group connected
to a benzene type atom and a H atom). The values for the last
group are not well known. When calculated with NIST 94,
which has the value for CO—/CB/H for the AH (298) and
Sy9g only, we get for AHy (298) of naphthaldehyde a value
of 7.3 kcal/mol. However if we use the THERM program*® we
find no such group. The existing group is CO-/CD/H (a CO
group connected to a double bond carbon and a H atom)
which was estimated by Bozzelli in Ref. 32. If we use this
group, we indeed get the NIST 94° value for AH{(298)
=7.3. But if we insist on having a CO-/CB/H group, then we
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should get it indirectly, using some manipulation: CO-/CB/
H=CO-/CD/H-+CO-/CB/O-CO-/CD/O. However this pro-
cedure gives us a AH, (298) value of 2.81 kcal/mol. This
gives us a difference of 4.5 kcal/mol, more than twice than
the one given by Benson.* This clearly shows that not all the
group values are consistent with each other. The §2=0.741
value shows that the UHF calculation is close to a doublet,
thus the molecule is UHF unstable. Table 39 lists all the
literature and calculated molecular vibrations, moments of
inertia and enthalpies of formation of 1-naphthaldehyde.
Table 40 lists the thermodynamic data of 1-naphthaldehyde.
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TaBLE 32. Thermodynamic properties of the C;oH;C=C- 1-ethynyl naphthalene radical (mol wt=151.187 580)

T c, Hyp—Hagg Sy —(Gr—Hyog)/T Hy AgHy

(K) (/molK)  (k¥/mol)  (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K

) — —-26.598 J— 668364  710.644  —oee-
100 61.107  —22.058 285.855 506.432 677905 703952  —371.7699
200 110.921 —13.398 344.025 411.013 681.565 699.259 —188.4115
298.15 162.077 0.000 397.847 397.847 694.962 694962  —128.4553
300 163.026 0.301 398.853 397.850 695.263  694.888 ~127.7046
400 211.030 19.064 452.500 404.840 714.027  691.202 —~97.5328
500 250.736 42.225 504.017 419.567 737.187  688.213 —-79.5186
600 282.344 68.940 552.637 437.737 763.902  685.748 —67.5564
700 307.521 98.480 598.123 457.438 793.442  683.735 - 59.0404
800 327.866 130284  640.561 477.706 825246 682140  —52.6707
900 344.568 163.932 680.173 498.027 858.894  680.973 —47.7262
1000 358.459 199.104 717.218 518.114 894.066  680.143 —43.7763
1100 370.127 235.550 751.946 537.810 930.512 679.624 —40.5481
1200 380.006 273.070 784.586 557.028 968.032  679.359 —37.8592
1300 383.424 311.502 815.344 575.721 1006.465  679.292 —35.5852
. 1400 395.639 350.715 844.400 593.890 1045.677  679.350 —33.6349
1500 401.853 390.597 871.914 611.516 1085.559  679.528 —31.9457
1600 4u7.233 431.057 898.025 628.614 1126.020 679.762  —30.4669
1700 411912 472.020 922.856 645.198 1166982  680.015 —29.1611
1800 415.999 513.420 946.519 661.286 1208382  680.274 —28.0002
1900 419.586 555.203 969.109 676.897 1250.166  680.507 —26.9610
2000 422,747 597.323 990.713 692.052 1292286  680.704 —-26.0250
2100 425.543 639.740 1011.408 706.770 1334703  680.847 —25.1787
2200 428.026 682.421 1031.263 721.071 1377.384  680.908 —24.4087
2300 430.240 725.337 1050.339 734.975 1420299  680.902 —23.7059
2400 432.220 768.462 1068.693 748.500 1463.424  680.805 —23.0620
2500 433,997 811.774 1086.373 761.664 1506.736  680.591 —22.4690
2600 435.598 855.255 1103.427 774.482 1550.218  680.294 —21.9220
2700 437.043 898.888 1119.894 786.972 1593.851 679.875 —21.4164
2800 438.353 942,659 1135.812 799.148 1637.622  679.342 —20.9470
2900 439.542 986.555 1151.216 811.024 1681.517  678.690 -20.5098
3000 440.626 1030.564 1166.135 822.614 1725.527 677.887 —20.1020
3100 441.615 1074.677 1180.600 833.930 .1769.639  676.995 ~19.7222
3200 442.521 1118.885 1194.635 844,984 1813.847 675949 —19.3660
3300 443.352 1163.179 1208.265 855.787 1858.141 674.772 —19.0318
3400 444.116 1207.553 1221.512 866.349 1902.515 673.461 —18.7178
3500 444.819 1252.000  1234.396 876.682 1946.962 671993 = —18.4229
3600 445.469 1296.515 1246.936 886.793 1991.477  670.403 —18.1443
3700 446.071 1341.092 1259.150 896.693 2036.055  668.653 —17.8820
3800 446.628 1385.727 1271.053 906.388 2080.690  666.760 —17.6335
3900 447.145 1430.416 1282.661 915.888 2125.379  664.725 —17.3993
4000 447.626 1475.155 1293.988 925.199 2170.118  662.513 —17.1766
4100 448.074 1519.940 1305.047 934.330 2214903  660.181 —16.9665
4200 448.492 1564.769 1315.849 943.285 2259.731  657.681 —16.7667
4300 448883 1609.638  1326.407 952.073 2304.600 655.015  —16.5763
4400 449.248 1654.545 1336.731 960.698 2349.507  652.156 —16.3954
4500 449.591 1699.487 1346.831 969.167 2394.449  649.176 -16.2238
4600 449912 1744.462 1356.716 977.485 2439.424  646.047 —16.0603
4700 450.214 1789.469 1366.395 985.657 2484431 642.772 -15.9047
4800 450.497 1834.504 1375.877 993.688 2529467  639.348 —15.7567
4900 450.765 1879.567 1385.168 1001.583 2574530  635.775 —-15.6154
5000 451.017 1924.657 1394.278 1009.346 2619.619  631.932 —15.4796
5100 451254 1960770  1403.211 1016.982 2661733  628.080  —15.3515
5200 451479 2014.907 1411976 1024.494 2709.869  623.996 -152281
5300 451.691 2060.066 1420.578 1031.886 2755.028  619.757 —15.1103
5400 451.892 2105.245 1429.023 1039.163 2800.207  615.365 —~14.9976
5500 452.083 2150.444 1437.316 1046.327 2845406  610.818 —14.8897
5600 452.264 2195.661 1445.464 ~ 1053.382 2890.624  606.115 —14.7865
5700 452.435 2240.896 1453470 1060.331 2935.859  601.262 —14.6878
5800 452.598 2286.148 1461.340 1067.177 2981.110  596.258 —14.5932
5900 452.753 2331.415 1469.079 1073.923 3026378  591.104 -14.5025
6000 452.900 2376.698 1476.689 1080.573 3071.661  585.808 —14.4157
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TaBLE 33. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-naphthol C,oH,O0H.
The properties marked in bold were chosen for thermodynamic calculations

PM3
118.9 158 235 354 363 386 428 481 494 521 546 593
596 741 782 788 817 828 892 918 919 967 994 1012
1108 1111 1126 1143 1170 1187 1238 1275 1321 1373 1475 1498
1512 1596 1608 1685 1782 1800 1829 3020 3051 3053 3062 3065
3075 3075 3844
PM3 UHF
116 153 225 355 357 367 414 475 488 492 541 564
586 715 756 779 789 817 860 885 905 929 955 973
1101 1105 1118 1138 1166 1182 1239 1268 1322 1368 1435 1479
1484 1514 1573 1635 1694 1712 1727 3020 3053 3054 3063 3065
3076 3076 3842
AM1
54.6 126 164 243 347 399 444 506 516 524 563 609
622 754 812 837 848 871 911 937 960 971 992 1003
1169 1183 1187 1209 1220 1254 1306 1341 1397 1408 1518 1548
1556 1623 1645 1710 1757 1797 1814 3179 3181 3182 3189 3193
3198 3203 3477
AM1 UHF
'93.6 157 174 232 343 375 426 489 499 510 557 573
614 . 721 784 816 828 860 873 902 932 948 956 967
1161 1176 1179 1205 1214 1246 1307 1338 1384 1435 1478 1528
1536 1564 1619 1660 1676 1704 1726 3183 3184 3187 3193 3106
3201 3209 3470
Kudchadker et al. (Ref. 24)
135 160 274 274 363 416 463 479 520 565 572 584
627 710 744 768 791 852 877 923 942 957 970 1014
1020 1082 1137 1144 1178 1178 1234 1234 1245 1276 1358 1377
1404 1456 1464 1513 1577 1597 1632 3070 3070 3070 3070 3070
3070 3070 3658
IR spectrum NIST 1997
459 467 479 522 570
583 715 766 790 874
1014 1041 1081 1089 1152 1189 1239 1277 1359 1404 1462 1520
1591 1634 1682 1718 1820 1828 1847 1905 1946 2859 2923 2967
3067 3652
Gaussian 94 BP86/6-31G(d,p) (6D, 7F)
49.6 170 220 255 286 411 453 459 467 514 555 566
618 704 709 742 763 775 819 848 860 894 925 943
1021 1038 1078 1140 1151 1160 1178 1221 1252 1286 1376 1389
1409 1445 1459 1521 1583 1604 1633 3055 3096 3103 3112 3119
3127 3_135 3689
Principal moments of inertia/10™* gm-em®
Method I, I, I,
PM3 428.332338 746.072564 1174.385152
PM3 UHF 429.663 445 749.721882 1179.371447
AM1 429.355275 753.767198 1183.120149
AM1 UHF 430.264245 757.668524 1187.930822
Kudchadker® 430.2804 731.4813 1161.7634
Gaussian 942 435.9471 757.63548 1193.5822

Gaussian 94%': from phenol —I,=1.2236 and V(2)=3468 cal and o,=2

Kudchadker 2*: 1,=1.43385 and V(2)=3193 cal
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TaBLE 33. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-naphthol C;oH,OH.
The properties marked in bold were chosen for thermodynamic calculations—Continued.

Enthalpy of formation/kcal-mol ™!

Method

AgHC(298.15 K)

PM3 ~4.11
PM3 UHF (spin=0.0; §2=.705721) —5.60
AM1 -2.16
AM1 UHF (spin=0.0; §2=841723) —~457
Ribero Da Silva et al.¥ —7.36x0.38
Columina ef al.'® —~7.14+0.26
Gaussian 94%! —10.90
NIST 94% -6.1
Pediey & Rylance™® —7.1+02
Kudchadker?* —~7.14
Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol lonization potential/eV
PM3 95.851 8.591
PM3 UHF 94.397 8.704
AM1 97.931 8.488
AM1 UHF 96.674 8.671
Gaussian 94 BP86/6-31g 92.045*
Pedlcy & Rylance? 7.76+0.03

*zero point vibrational energy

3.20. 1-Naphthaldehyde Radical: C;H,;C-O

No calculations or estimations for this species were found
in the litcraturc. AM1 calculations for this specics failed. The
Gaussian 94 calculations served as the thermodynamic input.
No internal rotation moment of inertia and barrier was taken
into account. Table 41 lists all the literature and calculated
molecular vibrations, moments of inertia and enthalpies of
formation of the 1-naphthaldehyde radical. Table 42 lists the
thermodynamic data of the 1-naphthaldehyde radical.

3.21. 4-Ethenyl-Phenyl-1-Vinyl: C¢H,C,H(CoH,)

This curious radical is actually a benzene with two
branches that can close to form a naphthalene molecule or, in
reverse, it is the product of the ring opening of the naphthyl
radical CyoH5-. It was calculated by Wang and Frenklach.*®
The internal rotation moment of inertia was calculated for a
styrene radical® since the phenyl acetylene moment of inter-
nal rotation is 0. The rotation barrier was estimated to be 4.6
kcal/mo). Table 43 lists all the literature and calculated mo-
lecular vibrations, moments of inertia and enthalpies of for-
mation of 4-ethynyl-phenyl-1-vinyl. Table 44 lists the ther-
modynamic data of 4-ethynyl-phenyl-1-vinyl.

4. Discussion
4.1. Fundamental Vibrations

In this study ab initio calculations were performed with
Gaussian 94 for all the species involved, as well as MOPAC
calculations. Gradient corrected density functional theory
calculations were performed with Gaussian 94. Two different

exchange and correlation functionals, BPW91 and BP86,
with two basis sets, D95V and 6-31G(d,p), were used for
naphthalene but only the last one was used for the rest of the
species. The Gaussian 94 vibrations were used for thermo-
dynamic calculations in all the cases where no experimental
IR data were available. IR spectra are available! for naphtha-
lene, methyl-naphthalene, ethyl-naphthalene, naphthol, and
naphthaldehyde. In all the other cases, except naphthalene,
the BP86/6-31G(d,p) vibrations were used to complement
the missing IR frequencies. In Melius’s database only naph-
thyl radical and naphthalene were found. Melius*? explains
that his BAC/MP4 method scales automatically all the ab
initio calculated vibrations by 12%. Since not all the vibra-
tions differ from the experimental values by the same per-
centage, it has been found® that Melius’s calculated vibra-
tions are 1%-3% low if less than 1000cm %, 1%-3% high
between 1000 and 1500cm™ and 1% low around
3000cm ™!, while the average difference is less than 1%.
Judging from our calculations we can agree with this state-
ment. while our Gaussian 94 calculations>' for naphthalene
show an error roughly 10% high with the BPW91/D95V
basis set, but almost no error with the BP86/6-31G basis set.
The MOPAC calculations show very good correlation with the
IR spectrum as well as with the Gaussian 94 calculations.
Since the thermodynamic data are not very sensitive to the
exact value of the vibrations, the Gaussian 94 BP86/6-31G

values of the vibrations were used as is.

4.2, IR Spectrum

1t is known that the IR spectra are a good indicator of the
fundamental vibrations, but not necessarily a correct one.
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‘TABLE 34. Thermodynamic properties of CioH;OH napbthol (mol wt=144.172 920}

7 c, Hry—Hagy Sy —(Gr~ Hag)IT Hy BHy

(K) {(VmolK)  (k¥mot; (¥mat K) {Imol K) (k¥#mot) (kJ/mol} Log K

0 e ~24.318 e e —55.112 —6.365

100 53.661 ~20432 265998 470.315 —51226 ~16.539 ~3.5295
200 103.232 ~12.663 317874 381.189 —43457  ~24272 —8.6659
298.15 154.318 0.000 368.709 368.709 —=30.794 30794 —11.0027
300 155.242 0.286 369.666 368.712 ~30.508 —30.905 —11.0360
400 201597 18.190 420.851 375.377 —12.605 ~36343 —12.4926
500 240.338 40.350 470.139 389.440 9555  —4D.671  —13.4965
600 272.028 66.022 516.857 406.821 35228 —44.068 —14.2332
700 297.891 94.561 560.799 425.712 63767  —46.633  ~14.7972
800 319.115 125.446 602.008 445.201 94.651  —48.441  ~152410
900 336.663 158.262 640.640 464.793 127467  —49.570  —15.5967
1000 351.282 192.681 676.890 484.209 161.886  —50.139  -15.8861
1100 363543 228.440 710.963 503.290 197645  —50232 ~16.1246
1200 373.893 265.326 743.051 521947 234532 —49943 —163228
1300 382.681 303.166 773.335 540,130 272372 ~49359 - —16.4896
1400 390.185 341.819 801977 557.820 311025 ~48570  ~16.6296
1500 396.627 381.168 829.122 575010 350374  ~47.605  —16.7500
1600 402.186 421.115 854.902 591.704 390321 ~46.537  ~16.8528
1700 407.008 461.581 879.432 607.914 430786  —45411  —16.9409
1800 411210 502,496 902.818 623.653 471702 —~44251 ~17.0174
1900 414.889 543.805 925.151 638,938 513011 ~43091  —~17.0842
2000 418.124 585.459 946.516 653.787 554.665  ~41.950  —17.1422
23100 420.982 627.417 966.987 668.217 596.623  ~40.847  ~17.194D
2200 423.517 669.645 986,631 682,247 638.851 —39.813  —17.2395
2300 425773 712.111 1005.508 695.894 681317 —38.834  —17.2801
2400 427.789 754791 1023.672 709.175 723997  ~37.937 ~—17.3168
2500 429.596 T797.662 1041072 7221401 766.868  —~37.148  —17.3491
2600 431.222 840.705  1058.054 734.706 809910  —36435 —17.3785
2700 432.690 883.901 1074.356 746.985 853.107  —35.838  —17.4057
2800 434018 927.238 1090.216 758.960 896.444  —35.347  ~174305
2900 435224 970.701 1105.368 770.644 939907  -34970 ~174527 -
3000 436.322 1014279 1120.142 782.049 983485 34734 —174732
3100 437.324 1057.962  1134.465 793.187 1027.168  —34.587  —17.4933
3200 438,241 1101.74% 1148364 804.070 1070947  ~34.586 ~17504
3300 409081 145608  11G1.863 814.709 L4814 34741 —17.5284
3400 439,854 1189.555  1174.982 825.113 1158761  ~34.965 —17.5445
3500 440566 1233577 1187743 835.292 1202782 —35367  ~—17.5603
3600 441.222 1277.666 1200.163 845.256 1246872  —35.889 —17.5747
3700 441.830 1321819 1212261 855.012 1291025  —~36562  —17.5892
3800 442393 1366.031 1224.051 864.569 1335237 37375 —17.6026
3%00 442915 1410297 1235.549 873.935 1379502 ~38323  —17.6162
4000 443.401 1454.613 1246.769 883.116 1423818  —~39439  —(7.6289
4100 443.853 1498.976  1257.724 892.120 1468.181  —40.673  —17.6421
4200 444275 1543382 1268424 900.952 1512.588  —42.067 —17.6547
4300 444.669 1587.330  1278.883 909.620 1557035  —43.619 - 17.6666
4400 445.037 1632.315 1289.110 918.129 1601.521  —45351 —176784
4500 445383 1676836 1299.115 926.485 1646.042  —47.203  —~17.6908
4600 445.706 1721391 1308.908 934.692 1690597  —49.199  -17.7029
4700 446.011 1765.977  1318.497 942.757 1735183 —~50334  —17.7150
4300 446.297 1810.592  1327.890 950.683 1779.798  -53.614  —17.7275
4900 446.566 1855236  1337.095 958475 1824441 —56.037 —17.7399
5000 446.820 1899.905  1346.119 966.138 1869.43y  ~58702  ~17.7516
5100 447.060 1944.599  1354.970 973.676 1913.805  ~61.394 —17.7648
5200 447.286 1989.317  1363.653 981.092 1958.522  —64.205  —17.7770
5300 447.500 2034.056 1372175 988.391 2003262 67342 ~17.7895
5400 447702 2078.816  1380.542 995.576 2048022 -70534  —17.8021
5500 447.894 2123596  1388.758 1002.650 2092.802  —73.869  —17.8148
5600 448076 2168395 1396.831 1009.617 2137600 -77.350 —17.8276
5700 448.249 2233211 1404.763 1016.480 2182417  ~80.968  ~17.8406
5800 448413 2258.044  1412.560 1023.242 2227.250  —84725  ~17.8537
5900 448,569 2302.893 1420.227 1029.906 2272099  —~83.618  —17.8669
6000 448.718 2347758 1421767 1036.474 2316964  —92640 —17.8803
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THERMODYNAMIC PROPERTIES OF NAPHTHALENE DERIVATIVES

TaBLE 35. Fundamental vibrations, moments of inertia and enthalpies of formation for the 1-naphthoxy radical
C,¢C;0-. The properties marked in bold were chosen for thermodynamic calculations

PM3
77.9 144 208 314 367 424 467 478 481 550 596 618
708 779 783 813 818 878 907 908 971 982 1017 1097
1109 1126 1128 1158 1174 1218 1259 1308 1348 1354 1433 1537
1596 1655 1762 1784 1898 3043 3043 3052 3060 3061 3070 3074
AM1

89.9 154 216 311 379 435 491 494 509 570 626 629
727 815 829 848 866 912 931 956 984 988 1011 1164
1173 1181 1198 1206 1236 1301 1342 1366 1409 1419 1484 1568
1624 1677 1748 1769 1988 3164 3166 3180 3185 3188 3194 3195

AM1 UHF
90.8 150 208 309 362 418 465 493 506 567 607 619
710 791 817 823 856 873 896 943 946 951 976 1156
1163 1176 1195 1206 1232 1295 1332 1408 1461 1473 1511 1539
1602 1630 1682 1694 1900 3173 3175 3184 3190 3193 3196 3201

Gaussian 94 BP86/6-31G(d,p) (6D, 7F)

120 167 225 279 401 445 453 458 516 524 563 639
701 706 747 767 787 855 865 866 933 942 964 1019
1044 1068 1116 1134 1151 1210 1234 1275 1353 1366 ' 1419 1431
1479 1511 1545 1555 1598 3098 3099 3110 3114 3124 3132 3134

Principal moments of inerda/10~* gm-cm®

Method 1, I, I,
PM3 411.682883 747.649687 1159.286148
AM1 415.365028 745.593449 1160.945663
AM1 UHF 417.323284 747.652378 1164.908855
Gaussian 94 421.13955 755.32463 1176.4642

505

Enthalpy of formation/kcal-mol *

Method AgH°(298.15K)
PM3 26.27697
AM1 29.24373
AM1 UHF (Spin=0.5; §?=1.38577) 16.267920
Gaussian 94% 17.03
NIST 94% 27.6
Marinov®® 28.0
Zero Point Energy and Ionization Potential
Method Zero point energy/kcal'mol ! Tonization potential/eV
PM3 86.616 8.27945
AM1 89.905 8.22682
AM1 UHF 89.073 9.14667

Gaussian 94 BP86/6-31g

84.68814*

*zero point vibrational energy

Looking at the assignment of vibrations in the literature it is
possible to see that some of the bands are not pure, but,
rather, the sum of two or more vibrations. Therefore the use
of the IR spectrum as is can only approximate the real vibra-
tional spectrum of the molecule. In the present work, wher-
ever available, the IR spectra' were used and supplemented
with the missing vibrations from the Gaussian 94 calcula

tions. The two spectra were compared and the values missing
from the IR were added from the Gaussian 94. As mentioned
above, it was found that the lack of an exact assignment has
an influence, which is roughly a quarter of the uncertainty of
our calculated thermodynamic values, i.e., =0.1 kcal/mol.

4.3. Enthalpies of Formation

It has been found in practice that while MOPAC and other
ab initio programs give results regarding the fundamental
vibrations of the molecules in close relation to each other,
the predictions of the enthalpy of formation can differ by up
ta 70 kcal/mol. The mean absolnte error of the AMT method
was found to be 12 kcal/mol.'**> Some authors*’ have tried
methods to improve these results. It is found that Benson’s
group additivity method is by far more reliable than any
other estimate. But even this method does not give a definite
answer since there are disputes among different groups of
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TABLE 36. Thermodynamic properties of the C;oH,O naphthoxy radical (mol wt=143.164 980)

T c, Hy—Hagg Sy (G~ Hags)I T Hy AHy
X) (J/mol K) (kJ/motl) (J/mol K) (J/mol X) (kJ/mol) (kJ/mol) Log K
0 —23.522 e womma 91.956 136.469 eeee
100 54.610 —19.465 274.753 469.405 96.013 127.965 -75.9210
200 97.438 —11.981 324.932 384.838 103.497 121.295 —43.1959
298.15 146.882 0.000 373.015 373.015 115.478 115478 —32.9906
300 147.807 0273  373.926 373.018 115.751 115.380 —32.8659
400 194.604 17.453 423.027 379.395 132.931 110.672 . —27.9408
500 233.177 38.914 470.756 392.928 154.392 107.107 —25.0959
600 263.730 63.819 516.079 409.714 179.298 104.407 —23.2538
700 287.976 91.450 558.624 427.981 206.928 102.403 ~21.9678
800 307.531 121.259 598.399 446.826 236.737 100.995 —21.0196
900 323.574 152.839 635.577 465.756 268.318 100.117 -20.2902
1000 336.920 185.884 670.381 484.497 301.362 99.676 —19.7104
1100 348.138 220.153 703.034 502.895 335.631 99.613 —19.2375
1200 357.643 255.454 733.744 520.866 370.933 99.856 —18.8428
1300 365.749 291.634 762.700 538.365 407.113 100.340 —18.5082
1400 372.701 328.566 790.065 555.376 444 .044 100.990 —18.2188
1500 378.694 366.143 815.989 571.893 481.621 101.787 —17.9673
1600 3832 886 404.278 840.599 587.925 519.756 102.669 ~-17.7451
1700 388.404 442.898 864.010 603.482 558.376 103.596 —17.5469
1800 392.353 481.940 886.325 618.581 597.418 104.549 —17.3693
1900 395.820 521.352 907.633 633.238 636.831 105.498 —17.2089
2000 308.876 561.090 028.016 647.471 676.568 106.128 —17.0620
2100 401.580 601.116 947.544 661.298 716.594 107.321 —16.9303
2200 403.983 641.396 966.282 674.738 756.874 108.148 —16.8083
2300 406.125 681.904 984.288 687.808 797.382 108.922 —16.6963
2400 408.042 722.614 1001.613 700.524 838.092 109.620 —16.5933
2500 409.763 763.505 1018.306 712.904 878.984 110.216 —16.4972
2600 411.313 804.561 1034.408 724.962 920.039 110.739 —16.4083
2700 412.713 845.763 1049.958 736.712 961.241 111.155 —16.3260
2800 413.982 887.099 1064.990 748.169 1002.577 111.469 —16.2493
2900 415.134 928.555 1079.538 759.346 1044.034 111.676 —-16.1772
3000 416.184 1 970.122 1093.630 770.256 1085.601 111.749 —16.1097
3100 417.143 1011.789 1107.292 780.908 1127.268 111.738 —16.0475
3200 418.020 1053.548 1120.550 791.316 1169.026 111.590 —15.9886
3300 418.826 1095.391 1133.426 801.489 1210.869 111.322 —15.9334
3400 419.566 1137.311 1145.940 811.437 1252.789 110.932 —15.8815
3500 420.249 1179.302 1158.112 821.169 1294.780 110.402 —15.8333
3600 420.879 1221.359 1169.960 830.693 1336.837 109.758 —~15.7873
3700 421.462 1263.476 1181.499 840.019 1378.955 108.970 —15.7447
3800 422.002 1305.650 1192.746 849.154 1421.128 108.050 ~15.7040
3900 422.504 1347.875 1203.715 858.106 1463.354 107.002 —15.6664
4000 422.970 1390.149 1214.417 866.880 1505.628 105.794 —15.6305
4100 423.405 1432.468 1224.867 875.485 1547.947 104474 ~15.5974
4200 423.810 1474.829 1235.075 . 883.925 1590.308 103.003 —15.5660
4300 424.189 1517.229 1245.052 892.208 1632.708 101.381 - 15.5360
4400 424.543 1559.666 1254.808 900.338 1675.145 99.586 —15.5078
4500 424.875 1602.137 1264.352 908.322 1717.616 97.679 —15.4819
4600 425.187 1644.641 1273.694 916.164 1760.119 95.635 —15.4574
4700 425.4R0 1687.174 1282.841 923.868 1802.652 93.458 —15.4346
4800 425.755 1729.736 1291.802 931.441 1845.214 91.145 —15.4136
4900 426.014 1772.325 1300.584 938.885 1887.803 88.696 —15.3939
5000 426.259 1814.938 1309.193 946.205 1930417 86.011 —15.3747
5100 426.489 1857.576 1317.636 953.406 1973.054 83.306 —15.3582
5200 426.707 1900.236 1325.920 960.490 2015.714 80.399 —~15.3419
5300 " 426913 1942.917 1334.050 967.462 2058.395 77.351 -15.3270
5400 427.108 1985.618 1342.032 974.325 2101.096 74.165 —15.3132
5500 427.293 2028.338 1349.870 981.082 2143.816 ©  70.840 —15.3005
5600 427.468 2071.076 1357.571 987.736 2186.555 67.377 —15.2887
5700 427.635 2113.832 1365.139 994.291 2229.310 63.780 —15.2781
5800 427.793 2156.603 1372.577 1000.749 2272.081 60.048 —15.2683
5900 427.943 2199.390 1379.891 1007.114 2314.868 56.186 —15.2593
6000 428.086 2242.191 1387.085 2357.670 52.197 ~15.2514
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THERMODYNAMIC PROPERTIES OF NAPHTHALENE DERIVATIVES

TaBLE 37. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-ethanol naphthalene
C,oH;C,H,OH. The properties marked in bold were chosen for thermodynamic calculations

PM3
444 94 130 171 189 293 322 392 416 444 459 488
523 532 533 591 651 754 773 794 815 821 894 208
927 945 946 971 1001 1015 1048 1075 1097 1101 1112 1135
1142 1148 1167 1209 1243 1264 1312 1327 1343 1377 1427 1434
1468 1484 1507 1585 1610 1691 1784 1801 1828 2942 2948 3021
3023 3024 3030 3051 3053 3063 3071 3076 3842
AM1
129.5 181 218 245 301 318 370 439 472 513 527 549
564 620 642 702 748 78 823 831 851 84 918 951
961 968 990 1017 1030 1079 1133 1157 1181 1190 1195 1203
1211 1218 1269 1296 1318 1336 1346 1375 1400 1420 1443 1474
1523 1530 1554 1608 1634 1701 1760 1790 1807 3016 3088 3098
3137 3180 3181 3182 3186 3189 3195 3199 3462
AM1 UHF
41.9 66.5 962 159 167 246 326 350 383 426 464 484
494 516 543 602 639 740 790 807 819 849 885 912
938 946 958 966 970 1000 1105 1154 1175 1188 1192 1204
1209 1212 1257 12890 1316 1345 1363 13380 1410 1424 1431 1454
1506 1516 1520 1540 1597 1653 1675 1703 1709 3017 3035 3090
3099 3178 3181 3185 3186 3190 3196 3199 3480
Gaussian 94: BP86/6-31G(d,p) (6D, 7F)
46.6 813 127 170 176 249 318 374 407 426 447 463
482 505 548 577 642 68 720 764 779 782 826 836
858 876 913 916 934 948 984 1029 1037 1060 1078 1140
1154 1159 1170 1183 1221 1226 1248 1303 1347 1368 1380 1383
1396 1435 1448 1455 1469 1515 1579 1597 1622 2902 2975 3012
3024 3094 3095 3102 3106 3120 3121 3129 3642
Principal moments of inertia/10™* gm-cm?

Method 1, . I, I,
PM3 572.761841 1428.942927 1919.379046
AM1 704.597684 1128.565829 1643.193314
AMI1 UHF 661.156659 1278.151993 1777.572928
Gaussian 94 659.73401 1301.2903 1781.9701

Brinkmann and BurcatS: J,(—CH,CH,0H) = 202.848, ROSYM=2, V(3)=2.87 kcal-mol™* [Chao et al.]!!
Brinkmann and Burcat®; J,(—CH,0H)=47.5277, ROSYM=2, V(3)=2.75 kcal‘mol ™! [Chao ez al.]
Brinkmann and Burcat®; I,(—OH)=1.39517, ROSYM=2, V(3)=1.03 kcal'mol ! [Chao et al.]

Enthalpy of formation/kcal-mol !

Method AHP(298.15K)
PM3 —-13.12
AM1 —46.10
AM1 UHF (Spin=.00; §2=0.780135) —20.09
Gaussian 94! -15.84
NIST 9435* —12.6

*C,(298.15 K)=47.8 cal-K ™ "-mol ™" and $(298.15K)=111.3 cal'K~*mol !

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ™! Tonization potential/eV
PM3 131.128 8.896
AM1 ) 137.372 8.580
AM1 UHF 133.160 9.012
Gaussian 94 BP86/6-31g 127.494*

*zero point vibrational energy
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TABLE 38. Thermodynamic properties of C;oH,;CH,CH,OH 1-naphthyl-ethanol (mol wt=172.226 68)

T c, Hy—Haog Sy ~(Gy—Hay)! T Hy Ay
X) (J/molK)  (kKJ/mol)  (J/molK) (J/mol K) (kJ/mol) (kJ/mol) Log K
[ —-31.880  ---m e —84.598 —16.807 J——
100 77.018 —26.389 313.833 571.721 —79.107 —31.498 ~3.8381
200 132.235 -16.038 383.398 463.586 —68.756 —42.690 - —13.2289
298.15 195.002 0.000 447.806 447.806 —52.718 —-52.718 —17.2811
300 - 196.188 0.362 449.016 447.809 —52.357 —52.892 —17.3382
400 256.694 23.076 513.941 456.252 —29.643 —-61.376  ~19.8144
500 307.184 51.359 576.844 474.126 —-1.359 —68.079 —21.5020
600 347.669 84.177 636.566 496.271 31.459 —73.344 —22.7318
700 380.278 120.631 692.695 520.366 67.912 ~T77415 —23.6690
800 407.013 160.037 745.276 545.229 107.319 —80.450 —24.4057
900 429.303 201.886 794.540 570.223 149.167 —82.564 —24.9972
1000 448.115 245.782 840.773 594.990 193.064 —-83911 —25.4802
1100 464.122 291.415 884.253 619.330 238.697 —84.596 —25.8806
1200 477.821 338.530 925.240 643.132 285.812 —84.737 —26.2156
1300 489.598 386.916 963.963 666.335 334.197 —84.446  —26.4995
1400 499.759 436.396 1000.627 688.916 383.677 —83.837  —26.7403
1500 508.559 486.822 1035414 710.866 434.104 —82.957 —26.9487
1600 516.207 538.069 1068.485 732.192 485.351 —81.899  —27.1285
1700 522.876 590.031 1099.985 752.908 537.312 —80.727 = —27.2844
1800 528.713 642.617 1130.040 773.031 589.898 —-79477 —274212
1900 533.839 695.750 1158.767 792.583 643.031 —-78.195 —27.5417
2000 538.357 749.364 1186.266 811.584 696.646 —-76912 —27.6478
2100 542.353 803.404 1212.632 830.058 750.685 —75.654 —27.7431
2200 545.899 857.820 1237.945 848.027 805.101 —74462 —21.8277
2300 549.056 912.571 1262.283 865.513 859.852 —73.326 —27.9041
2400 551.875 967.620 1285.711 882.536 914.901 —72.280 —27.9734
2500 554.402 1022.936 1308.292 899.117 970.217 —71.357 —28.0354
2600 556.672 1078.492 1330.081 915.276 1025.773 —70.523 —28.0923
2700 558.718 1134.263 1351.129 931.031 1081.544 —~69.827 © —28.1449
2800 560.568 1190.229 1371.482 946.400 1137.510 —69.259 —28.1932
2900 562.244 1246.371 1391.183 961.400 1193.652 —68.831 —28.2372
3000 563.767 1302.672 1410.270 976.046 1249.954 —68.578 —28.2778
3100 565.154 1359.119 1428.778 990.353 1306.401 —68.435 —28.3171
3200 566.420 1415.699 1446.742 1004.336 1362.981 —-68.476  —28.3529
3300 567.579 1472.400 1464.189 1018.008 1419.682 —68.675 —28.3867
3400 568.642 1529.212 1481.149 1031.381 1476.493 -69.036 —28.4187
3500 569.619 1586.126 1497.647 1044.468 1533.407 —69.585 —28.4495
3600 570.519 1643.133 1513.707 1057.281 1590415 —70.290 —28.4781
3700 571.349 1700.227 1529.350 1069.829 1647.509 -71.187 —28.5061
3800 572.116 1757.401 1544.597 1082.123 1704.682 —72.263 —28.5324
3900 572.827 1814.648 1559.467 1094.173 1761.930 —73.514 —28.55841
4000 573.486 1871.964 1573.978 1105.987 1819.246 —74.980 —28.5828
4100 574.099 1929.344 1588.147 1117.575 1876.626 —76.599 —28.6076
4200 574.669 1986.783 1601.988 1128.945 1934.064 —78.425 —28.6311
4300 575.200 2044.276 1615.517 1140.104 1991.558 —80.454 ~ 28.6535
4400 575.697 2101.822 1628.746 1151.059 . 2049.103 —82.715  —28.6755
4500 576.160 2159.415 1641.689 1161.819 2106.696 —85.133 —28.6978
4600 576.595 2217.053 1654.357 1172.389 2164.334 —87.740 —28.7195
4700 577.002 2274.733 1666.7/62 1182776 2222.014 —90.527 —28.7411
43800 577.384 2332.452 1678.914 1192.986 2279.734 —93.503 —28.7627
4900 577.743 2390.209 1690.823 1203.025 2337.490 —96.664  —28.7842
5000 578.080 2448.000 1702.498 1212.898 2395.282 —100.132 —28.8044
5100 . 578.399 2505.824 1713.949 1222.611 2453.106 —103.647 -—28.8264
5200 578.699 2563.679 1725.183 1232.168 2510961 —107.423 —28.8470
5300 578.982 2621.563 1736.209 1241.574 2568.845 —111.389 —28.8678
5400 579.249 2679.475 1747.034 1250.835 2626.757 —115.541  —28.8885
5500 579.502. 2737413 1757.665 1259.953 2684.694 —119.878 —28.9092
5600 579.742 2795.375 1768.109 1268.935 2742.657 —124.399  —28.9298
5700 579.969 2853.361 1778.372 1277.7182 2800.642 —129.097 —28.9508
5800 580.184 2911.368 1788.461 1286.501 2858.650 —133.970 —289715
5900 580.389 2969.397 1798.380 1295.093 2916.679 —139.016 —28.9922
6000 580.583 3027.446 1808.137 1303.562 2974727 —144.224 —29.0132
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TaBLE 39. Fundamental vibrations, moments of inertia and enthalpies of formation for 1-naphthaldehyde
C0H,CHO. The properties marked in bold were chosen for thermodynamic calculations

PM3
65.8 130 162 223 256 374 380 429 459 511 512 559
573 660 748 783 793 816 855 888 919 933 963 992
1007 1025 1084 1109 1130 1141 1165 1185 1220 1229 1294 1404
1441 1472 1493 1582 1604 1686 1780 1797 1827 1969 2891 3020
3039 3049 3051 3062 3070 3076
AM1

59.7 97.5 168 219 244 379 392 445 480 517 538 578
588 689 760 813 839 848 898 915 957 962 974 996
1005 1016 1145 1183 1195 1209 1217 = 1256 1297 1319 1374 1417
1478 1514 1528 1604 1628 1704 1755 1789 1803 2034 3105 3160
3180 3182 3185 3193 3195 3201
AM1 UHF
50.3 90 158 205 247 362 383 426 475 488 531 556
579 682 735 786 819 832 881 889 923 940 949 968
972 1001 1138 1177 1187 - 1205 1212 1249 1294 1315 . 1400 1408
1457 1501 1517 1521 1592 © 1656 1674 1709 1711 2025 3100 3167
3182 3182 3184 3190 3193 3198

IR spectrum NIST 1997

507 527
651 713 770 806 862 888
971 1027 1058 un 1218 : 1347
1373 1404 1460 1517 1579 1631 1713 1775 1811 1945

2322 2355 2724 2837 3069 3399
Gaussian 94 BP86/6-31G(d,p) (6D, 7F)
877 112 180 206 227 342 398 421 463 492 S04 527
616 639 720 758 759 783 789 843 849 908 921 . 947
955 978 1002 1032 1079 1141 1155 1164 1209 1221 1252 1351
1373 1392 1411 1437 1452 1518 1571 1588 1623 1711 2836 3097
3098 3109 3117. 3124 3129 3134

Principal moments of inertia/10™*0* gram-cm?

Method 1, I, I,

PM3 =509.815884 =998.216261 1508.025178
AM1 503.642093 1015.222241 1517.933632
AM1 UHF : =506.066850 . 1016.724457 =1521.191542
Gaussian 94 =504.06846 —1041.3646 —1545.4331

Ambrose®; [,=1.48, ROSYM=2, and V(3)=4.9 kcal-mol~!

Enthalpy of formation/kealemal ™!

Method AH°(298.15K)
PM3 ' ' 758
AM1 : 1.7
AMI1 UHF (Spin=0.0; S2=0,741397) 9.88
Gaussian 94% 6.69
NIST 94% 73
Liebmann 7.0

" Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ™! Tonization potential/eV
PM3 98.532 ) 9.135
AM1 - 101.908
AM1 UHF 100.449 9.247
T.iehmann? ) ‘ R43
Gaussian 94 BP86/6-31g 95.429%

*zero point vibrational energy
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TABLE 40. Thermodynamic properties of C,

,CHO naphthaldehyde (mol wt=156.057 51)

T C, Hyp—Hjgg Sy —(Gr—Hag)/T Hr AgHy
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol) (kJ/mol) Log K
0 —25.754 e e 4.790 54.590
100 59.086 —21.565 275.098 490.746 8.978 44.657 —35.0682
200 108.350 -13.279 330.580 396.974 17.264 37.115 -24.1951
298.15 162.397 0.000 383.881 383.881 30.543 30.543 —21.2555
300 163.410 0.301 384.888 383.884 30.845 30431 —21.2226
400 215.311 19.292 439.162 390.932 49.835 25.057 —20.0089
500 259.404 43.099 492.102 405.905 73.642 21.050 —19.4059
600 295.227 70.895 542.682 424,523 101.438 18.199 —19.0637
.700 323.966 101.908 590.431 444 849 132.451 16.336 —18.8493
800 347.059 135.500 635.254 465.878 166.044 15.314 —18.7024
900 365.741 171.173 677.248 487.056 201.716 15.006 —18.5927
1000 380.985 208.534 716.598 508.064 239.077 15.256 —18.5050
1100 393.529 247.280 753.517 528.717 277.823 15.956 —18.4312
1200 403.940 287.169 788.219 543.911 317.712 16.997 —18.3660
1300 412.648 328.011 820.905 568.589 358.554 18.285 —18.3075
1400 419.988 369.653 851.762 587.724 400.196 19.723 —18.2524
1500 426.217 411.972 880.956 606.308 442.515 21.285 —18.2022
1600 431.540 454,866 908.638 624.347 '485.410 22.896 —18.1545
1700 436.117 498.255 934.941 641.850 528.798 24.514 —18.1088
1800 440.076 542.069 959.983 658.834 572.613 26.116  —18.0656
1900 443.520 586.253 983.871 675.317 616.796 27.671 —18.0246
2000 446.531 630.759 1006.699 691.320 " 661.302 29.165 —17.9851
2100 449.176 675.547 1028.551 706.862 706.090 30.580 —17.9483
2200 451.512 720.584 1049.502 721.964 751.127 31.887 —17.9128
2300 453.583 765.841 1069.619 736.645 796.384 33.103 —17.8793
2400 455.426 811.293 1088.963 750.924 841.836 34.203 —17.8479
2500 457.074 856.919 1107.588 764.820 887.462 35.162 —-17.8172
2600 458.552 902.702 1125.544 778.351 933.245 36.016 —17.7885
2700 459.883 948.625 1142.876 791.533 979.168 36.726 —17.7618
2800 461.084 994.674 1159.622 804.382 . 1025.217 37.302 —17.7364
2900 462.173 1040.838 1175.822 816.912 1071.381 37.738 -17.7119
3000 463.162 1087.105 1191.507 829.139 1117.649 38.007 - 17.6886
3100 464.062 1133.467 1206.709 841.074 1164.010 38.167 —17.6679
3200 464.885 1179.915 1221.455 852.732 1210458 38.157 —17.6477
3300 465.639 1226.442 1235.773 864.123 1256.985 38.000 —17.6287
3400 466.330 1273.041 1249.684 875.260 1303.584 37.694 —17.6110
3500 466.967 1319.706 1263.211 886.152 1350.249 37.219 —17.5949
3600 467.553 1366.433 1276.374 896.809 1396.976 36.606 —17.5793
3700 468.095 1413.215 1289.192 907.242 1443.759 35.823 -17.5653
3800 468.597 1460.050 1301.682 917.458 1490.593 34.883 —17.5518
3000 460.062 1506.934 1313860 927 467 1537.477 33.7R9 —17.5401
4000 469.494 1553.861 1325.741 937.276 1584.405 32.511 —17.5286
4100 469.896 1600.831 1337.339 946.893 1631.374 31.099 —17.5189
4200 470.270 1647.840 1348.667 956.324 1678.383 29.512 —17.5098
4300 470.620 1694.884 1359.737 065.578 1725.428 27.719 —17.5010
4400 470.947 1741963 = 1370.560 974.659 1772.506 25.788 —17.4931
4500 471.253 1789.073 1381.147 983.575 1819.616 23.695 -17.4867
4600 471.540 1836.213 1391.508 992.331 1866.756 21.444 —17.4810
4700 471.810 1883.381 1401.652 1000.932 1913.924 19.040 —17.4761
4800 472.063 1930.574 1411.588 1009.385 1961.118 16.479 —-17.4723
4900 472.301 1977.793 1421.324 1017.693 2008.336 13.762 - 17.4693
5000 472.526 2025.034 1430.868 1025.861 2055.577 10.778 —17.4660
5100 472.738 2072.298 1440.227 1033.894 2102.841 7.767 —17.4651
5200 472937 2119.581 1449.409 1041.797 2150.125 4.527 —17.4637
5300 473.127 2166.885 1458.419 1049.573 2197.428 1.128 —17.4632
5400 473.305 2214.206 1467.265 1057.226 2244.750 —2.429 —17.4634
5500 473.475 2261.545 1475.951 1064.761 2292.089 —6.143 —17.4641
5600 473.635 2308.901 1484.484 1072.180 2339.444  —10.015 —17.4654
5700 473.788 2356.272 1492.868 1079.487 2386.815 —14.037 —17.4675
5800 473.932 2403.658 1501.109 1086.686 2434202 —18.212 —174700
5900 474.070 2451.058 1509.212 1093.779 2481.602 —22.535 —17.4730
6000 474.201 2498.472 1517.181 1100.769 2529.015 —~27.000 —17.4768
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TABLE 41. Fundamental vibrations, moments of inertia and enthalpies of formation for l-naphthaldehyde
radical C;gH;C-O. The properties marked in bold were chosen for thermodynamic calculations

PM3
o1 155 163 188 336 362 425 455 486 511 535 555
646 744 767 789 7197 838 877 917 920 969 1001 1016
1085 1103 1124 1136 1158 1176 1203 1232 1279 1424 1470 1482
1490 1578 1605 1686 1781 1794 1823 2176 3045 3049 3052 3053
3062 3072 3075
AM1 UHF
82 154 155 166 250 365 378 428 478 493 529 574
581 658 740 790 820 824 863 892 925 946 950 969
974 1136 1169 1180 1201 1207 1238 1282 1317 1398 1450 1491
1512 1517 1590 1652 1679 1703 1708 2247 3174 3177 3181 3184
3189 3193 3198
Gaussian 94: BP86/6-31G(d,p) (6D, 7F)
78.3 153 170 178 213 327 392 430 459 494 51 523
612 624 723 727 763 782 791 846 854 905 927 948
962 994 1022 1071 1133 1149 1155 1194 1222 1243 1360 1379
1374 1434 1447 1507 1562 1584 1622 1809 3097 3099 3107 3114
3118 3126 3128
Principal moments of inertia/10™* gm-cm?

Method 1, I, 1.
PM3 525.005680 967.432958 1492.433147
AM1
AM1 UHF 529.848970 976.233805 1506.077736
Gaussian 94 513.15652 1005.7912 1519.2712

Enthalpy of formation/kcal-mol !

Method AfH°(298.15 K)
PM3 34.17
AM1
AM1 UHF 37.70
Gaussian 94 41.64
Marinov?®, estimate 41.8+3.

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ! ITonization potential/eV
PM3 92.576 8.791
AM1
AM1 UHF 92.873 8.951
Gaussian 94 BP86/6-31¢g 87.860*

*zero point vibrational energy

researchers regarding specific values of some of the groups
(see naphthaldehyde). In this research, the NIST 94
program> was used to evaluate all the species possible.

In Table 45 all the values for the enthalpy of formation,
known and found for the species are listed at 298 K.

4.4. morAC Calculations

In this study, four kinds of calculations have been per-
formed: PM3, AM1, AMI/UHF and a few PM3/UHF. The
results of the stable molecules should be treated in a different
way from the results of the radicals. Since the PM3 and AM1
are RHF calculations, then AM1/UHF (and PM3/UHF)
should give the same result as AM1 (or PM3) calculations
for stable molecules. Indeed, in a few attempts for smaller
molecules (DNO, p-benzo-quinone, nitro-azetidine)'® where
PM3/UHF were calculated, the results were identical with

these of PM3. The reason why AM1 and AM1/UHF are not
identical for stable species but just close is a cause for con-
cern. Since the similarity in some cases is bigger between
PM3 and AM1/UHF than AM1 to AM1/UHF, it means that
during optimization slightly different conformations of the
molecule were achieved. Because of the size of these mol-
ecules, the small changes resulted in small differences in the
computed geometry as well as in the computed energy of the
naphtalenic molecule. The S? results show for almost all
species, stable and radicals, an UHF unstable condition. This
should serve as justification (0 use average values of the
RHF methods calculated for our thermodynamic purposes.
The §? values usually show that the UHFs are not accepiable
calculations for naphthalenc compounds.

In the case of the radicals, the enthalpies of formation
obtained are less reliable, judging from the evidence that the
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TABLE 42. Thermodynamic properties of the C,,

CURRAN ET AL.

,C-O naphthaldehyde radical (mol wt=155.049 69)

T Cp Hr—Hagg St =(Gp—Hag)lT Hr AfHT
(K) (J/mol K) (kJ/mol) (J/mol K) (J/mol K) (kJ/mol)  (kJ/mol) Log K
0 e —26717 e e 148.174 193.741  —-eeee-
100 65.488 —22.133 287.332 508.659 152.758 185.703 —105.4713
200 111.136 —13.382 346.183 413.093 161.509 179.972 —57.5710
298.15 161.693 0.000 399.949 399.949 174.891 174.891 —42.2918
300 162.638 0.300 400.952 399.952 175.191 174.804 —42.1029
400 210.528 19.017 454.468 406.925 193.909 170.610 —34.5803
500 250.231 42.127 505.872 421.617 217.019 167.367 —-30.1657
600 281.880 68.794 554.402 439.746 243.685 164.851 —27.2727
700 307.116 98.290 599.821 459.407 273.181 162.940 —25.2344
800 327.525 130.056 642.209 479.639 304.948 161.569 —23.7214
900 344.286 163.673 681.785 499.925 338.565 160.693 —22.5526
1000 358.228 198.820 718.802 519.983 373.711 160.230 —21.6213
1100 369.939 235.245 753.510 539.651 410.136 160.128 —20.8609
1200 379.853 272.748 786.136 558.846 447.639 160.322 —20.2268
1300 388.299 311.167 816.883 577.524 486.058 160.747 —19.6899
1400 395.536 350.368 845.931 595.668 525.259 161.326 —19.2271
1500 401.768 390.240 873.438 613.277 565.132 162.046 —18.8257
1600 4U7.162 430.693 899.543 630.360 605.585 162.842 —18.4725
1700 411.853 471.649 924.371 646.931 646.541 163.673 —18.1588
1800 415.950 513.044 948.031 663.006 687.935 164.523 —17.8788
1900 419.544 554.823 970.618 678.607 729.714 165.359 —17.6269
2000 422.711 596.939 992.220 693.751 771.830 166.168 —17.3986
2100 425.512 639.353 1012.914 708.460 814.244 166.931 —17.1918
2200 428.000 682.031 1032.767 722.753 856.922 167.619 ~17.0025
2300 430.217 724.944 1051.842 736.649 899.835 168.246 —16.8292
2400 432.200 768.066 1070.195 750.167 942.958 168.787 —16.6701
2500 433.980 811.377 1087.875 763.324 986.268 169.215 —16.5226
2600 435.582 854.856 1104.928 776.137 1029:748 169.565 —16.3863
2700 437.030 '898.488 1121.394 788.621 1073.380  169.795 —16.2604
2800 438.341 942.258 1137.312 800.791 1117.149 = 169.915 —16.1433
2900 439.532 986.153 1152.715 812.663 1161.044 169919 —16.0335
3000 440.616 1030.161 1167.635 824.248 1205.052  169.778 —15.9311
3100 441.607 1074.273 1182.099 835.559 1249.164  169.546 —15.8364
3200 442.513 1118.479 1196.134 846.609 1293.370 169.165 —15.7472
3300 443.345 1162.773 1209.763 857.408 1337.664  168.656 —~15.6635
3400 444.109 1207.146 1223.010 867.967 1382.037 168.016 —15.5850
3500 444.814 1251.593 1235.8%4 878.296 1426484  167.223 —15.5118
3600 445.464 1296.107 1248.434 888.404 1470.998 166.310 —15.4423
3700 446.066 1340.684 1260.648 898.301 1515.575 165.242 —15.3775
3800 446.623 1385.318 1272.551 907.993 1560.210  164.032 —15.3160
3900 447.141 11430.007 1284.159 017.490 1604.898 162.685 —15.2588
4000 447.622 1474745 1295.486 926.799 1649.637 161.166 —15.2042
4100 448.071 1519.530 1306.544 935.927 1694.422 159.529 —15.1536
4200 448.489 1564.359 1317.347 944.880 1739.250 157.729 —15.1055
4300 448.880 1609.227 1327.904 953.666 1784.118 155.767 —15.0597
4400 449.245 1654.134 1338.228 962.289 1829.025 153.620 —15.0165
4500 449.588 1699.076 1348.328 970.756 1873.967 151.353 —14.9764
4600 449.909 1744.051 1358.213 979.072 1918.942 148.941 —14.9384
4700 450.211 1789.057 1367.892 987.242 1963.9438 146.387 —14.9028
4300 450.495 1834.092 1377.374 995.271 2008.983 143.688 —14.8696
4900 450.763 1879.155 1386.665 1003.164 2054.047 140.843 —14.8382
5000 451.015 1924.244 1395.774 1010.926 2099.135 137.743 —14.8079
5100 451.253 1969.358 1404.708 1018.560 2144.249 134.626 —14.7810
5200 451.477 2014.494 1413.473 1026.070 2189.386 131.290 —14.7546
5300 451.690 2059.653 1422.075 1033.461 2234544  127.804 —14.7301
5400 451.891 2104.832 1430.520 1040.736 2279.723 124.169 —14.7072
5500 452.081 2150.030 1438.813 1047.898 2324.922 120.385 —14.6857
5600 452.262 2195.248 1446.961 1054.952 2370.139 116.453 —14.6655
5700 452.434 2240.483 1454.967 1061.900 2415374  112.376 —14.6469
5800 452.597 2285.734 1462.837 1068.745 2460.626 108.155 —-14.6294
5900 452.752 2331.002 1470.575 1075.490 2505.893 103.792 —14.6132
6000 452.899 2376.284 1478.186 1082.139 2551.176 99.292 —14.5983
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TABLE 43. Fundamental vibrations, moments of inertia and enthalpies of formation for the 4-ethenyl-phenyl-
1-vinyl radical CgH,C,H(C,H,). The propesties marked in bold were chosen for thermodynamic calculations
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PM3
188.6 210 311 340 412 436 450 492 553 566 634 714
118 780 197 856 919 955 968 994 1004 1018 1049 1084
1100 1125 1140 1181 1246 1261 1309 1373 1414 1479 1749 1817
1881 2328 2952 3067 3077 3081 3090 3106 3170
AM1
197 218 301 353 412 436 474 524 543 616 657 733
821 833 845 903 939 958 989 1029 1060 1088 1115 1152
1160 1182 1204 1243 1275 1322 . 1357 1420 1465 1508 1724 1816
1871 2344 3089 3188 3202 3203 3208 3228 3284
AM1 UHF
: 165 189 316 346 376 442 461 486 499 615 652 727
741 770 789 837 885 904 923 . 997 1055 1064 1119 1147
1164 1181 1189 1239 1258 1333 1360 1423 1445 1457 1472 1532
1604 1800 3078 3184 3205 3210 3210 3219 3250
Wang and Frenklach (Ref. 48)
89 193 204 220 270 373 407 422 434 494 503 582
598 661 734 758 772 775 790 815 858 859 907 935
1072 1079 1102 1112 1194 1257 1273 1335 1472 1526 1622 1645
1727 2192 2847 2940 2942 2952 2955 3188 3194
Gaussian 94:BP86/6-31G(d,p) (6D, 7F)
152 206 264 322 336 380 443 504 540 548 585 659
675 704 761 781 810 816 882 890 915 951 1003 1021
1087 1117 1134 1154 1172 1257 1270 1321 1332 1368 1474 1487
1591 1932 3035 3097 3098 3111 3113 3119 3129
Principal moments of inertia/10™%° gme-cm?

Method 1, I, I
PM3 315472104 526.627064 670.696646
AM1 316.395543 526.284356 672.060821
AM1 UHF 327.541489 517.980282 675.268201
Gaussian 94* 313.01037 540.20658 699.49573
*1(—CH)=0; I (—CH=CH-)=27.3405; ROSYM=2V(3)=4.4 keal-mol ™!

Enthalpy of formation/kcal-mol ~*
Method AH°(0K) AfH°(298.15K) A H°(300K)

PM3 182.04

AM1 191.39

AMI1 UHF (spin=0.5; $?=2.431692) 176.51

Gaussian 94 180.11

NIST 94% 1475

Wang and Frenklach®® 149.5

Zero Point Energy and Ionization Potential

Method Zero point energy/kcal-mol ™! Ionization potential/eV.
PM3 83.638
AM1 86.485 9.115
AM1 UHF 83.413 9.073
Gaussian 94 79.405%*

*zero point vibrational energy

UHF values are usually very different from the values of
PM3 and AM1, and these values are closer to group additiv-
ity estimates.

4.5. Accuracy of Calculations

There are no known experimental measurements for the
thermodynamic properties of the listed naphthalene deriva-

tives. The existing reported values, except for naphthalene
itself, are based on calculations and estimations using differ-
ent methods. A comparison of our data with the very few
points mentioned in the literature is given in Table 46. Gen-
erally, it can be said that our calculations are of the highest
accuracy available today, and none of them has a problem-
atic background. Exception should be made only of the en-
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TaBLE 44. Thermodynamic properties of the 4-ethenyl-phenyl-1-vinyl radical C4H,C,H(C,H,)
(mol wt=127.165 580)

T Cp Hr~Hjog Sr ~(Gr—Hy)/T Hy AfHT
X) (J/molK)  (kl/mol)  (J/mol K) (J/mol K) (kI/mol)  (kJ/mol) Log K
0 - —23.203 - e 593937 634.110 B
100 53.073 —19.234 270.570 462911 597906 626969 3322593
200 96.570 —11.852 320.015 379.275 605.288  621.652 —169.0760
298.15 144.841 0.000 367.587 367.587 617.140 617.140 —115.8031
300 145.728 0.269 368.486 367.590 617.409 617.065 —115.1364
400 189.847 17.116 416.648 373.858 634.256  613.510 —88.3506
500 225.155 37.939 462.967 387.088 655.079  610.837 —72.3618
600 252.653 61.886 506.551 403.407 679.026  608.758 —61.7437
700 274.392 88.278 547.192 421.080 705418  607.143 —54.1829
800 292.022 116.628 585.021 439.236 733768  605.945 —48.5258
900 306.637 146.583 620.286 457.416 763.723 - 605.145 —44.1328
1000 318.939 177.879 653.248 475.369 795.019  604.686 —40.6220
1100 329.398 210.309 684.150 492.960 827.449  604.540 —37.7512
1200 338.351 243.708 713.205 510.115 860.848  604.656 —35.3587
1300 346.054 277.938 740.599 526.801 895.078  604.982 —33.3342
1400 352.709 312.884 766.494 543.006 930.024  605.454 —31.5966
1500 358.481 348.450 791.030 558.730 965.590  606.062 —30.0906
1600 363.505 384.555 814.330 573.983 1001.695  606.748 —28.7712
1700 367.894 421.130 836.502 588.778 1038.270  607.478 —27.6051
1800 371.742 458.116 857.641 603.133 1075.256  608.234 —26.5676
1900 375.127 495.463 877.833 617.063 1112.603  608.989 —25.6381
2000 378.114 533.128 897.152 630.588 1150.268  609.729 —24.8001
2100 380.759 - 571.074 915.666 643.725 1188214  610.438 —24.0417
2200 383.108 609.270 933434 656.493 1226410  611.087 ~23.3510
2300 385.200 647.687 950.511 668.907 1264.827  611.689 —22.7199
2400 387.068 686.303 966.945 680.985 1303.443°  612.221 —22.1412
2500 388.742 725.095 982.780 692.743 1342235  612.658 —21.6076
2600 390.245 764.045 998.057 704.193 1381.185  613.029 —21.1150
2700 - 391.597 803.139 1012.811 . 715.352 1420.279 613298 . —20.6591
2800 392.818 842.360 1027.075 726.232 1459.500  613.472 —20.2355
2900 393.921 881.698 1040.879 736.845 1498.838  613.544 —19.8405
3000 394.920 921.141 1054.250 747.203 1538.281  613.487 —19.4717
3100 395.828 960.679 1067.215 757.318 1577.819  613.352 —19.1278
3200 396.654 1000.304  1079.795 767.200 1617.444  613.083 —18.8048
3300 397.406 1040.007 1092.012 776.859 1657.147  612.699 —18.5015
3400 398.093 1079.783 1103.886 786.303 1696.923  612.198 —18.2163
3500 398.721 1119.624 1115.435 795.543 1736.764  611.558 —17.9480
3600 399.296 1159.525 1126.676 804.585 1776.665  610.809 —17.6944
3700 399.824 1199.482  1137.623 813439 1816.622  609.918 —17.4552
3800 400.309 1239.489 1148.293 822.111 1856.629  608.898 —17.2285
3900 400.755 1279.542 1158.697 830.609 1896.682  607.751 —17.0144
4000 401.167 1319.639 1168.848 838.938 1936.779  606.447 —16.8108
4100 401.546 1359.775 1178.759 847.106 1976915  605.033 —16.6183
4200 401.897 1399.947 1188.439 855.119 2017.087  603.470 —16.4350
4300 402.221 1440.153 1197.900 862.981 2057.293  601.757 —16.2603
4400 402.521 1480.390 1207.150 = 870.698 2097.530  599.872 = —16.0940
4500 402.800- 1520.657 1216.199 878.276 2137.797  597.876 —15.9361
4600 403 059 1560.950 1225.055 ]R5.71R 2178 000 595.745 —15.7855
4700 403.299 1601.268 1233.726 893.031 2218408  593.482 —15.6418
4800 403.523 1641.609 1242.219 900.217 2258749  591.083 —-15.5050
4900 403.731 1681.972 1250.542 907.282 2299.112  588.550 —15.3743
5000 403.926 1722.355 1258.700 914.229 2339495  585.781 —15.2485
5100 404.107 1762.757 1266.701 921.062 2379.897  582.993 —15.1297
5200 404.277 1803.176  1274.550 927.785 2420316  580.003 —15.0150
5300 404.435 1843.612 1282.252 934.401 2460.752  576.873 —14.9054
5400 404.584 1884.063 1289.813 040.912 2501.203  573.606 — 14.8005
5500 404.723 1924.528 1297.238 947.324 2541.668  570.200 —14.6999
5600 404.853 1965.007 1304.532 953.638 2582.147  566.655 —14.6034
5700 404.975 2005.498 1311.699 959.857 2622.638 562978 —14.5111
5800 405.090 2046.002 1318.743 965.984 2663.142  559.165 —14.4225
5900 405.199 2086.516  1325.668 972.022 2703.656  555.221 —14.3373
6000 405.300 2127.041 1332.480 977.973 2744.181 = 551.151 —14.2558
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TABLE 45. Listed values of the enthalpy of formation at 298 K for naphthalene species in kcal/mol

AMI Politzer®  Experimental!
Name PM3 AM1 /UHF  Wang and Frenklach®®  Marinov ez al®®  NIST 94 (Melius)  (literature)®
Naphthalene 40.67 40.58 38.74 X 37.46 36.9 29.94 35.99
CioHs 35.92¢ (25.22)
Naphthyl radical 95.74 98.29 88.78 94.7 98.94 95.8 88.30
Ciolly: : (98.94)
Naphthyne C,Hg 14504 157. 140. 1197 113.48
1,2 Dihydro-naphthalene 28.86 2728 26.5 34.42° 31.59 26.80 (28.0)
Ciotlyo
CroHy* 53.58 52.92 39.50 54.86 .- 54.56
Methyt 32.62 33.96 31.90 29.66 28.0 22.34 27.75
naphthalene (27.93)
C1t,CH;
Methyl naphthyl - 69.64 7135 54.03 67.95 65.2 57.18 (60.4)
radical
CyoH;CHy~
Ethyl 27.56 26.69 24.80 232 18.45 (23.16)
naphthalene
C1oH,CoHs
Ethyl naphthyl 65.05 60.07 67.14
radical g
CyoH7CoHy
B-ethyl naphthyl 57.99 59.83 47.27 527 48.58
radical
CoH,CH--CH;,
Vinyl naphthalene 59.04 56.09 52.99 514 48.04 (51.0)
C1oH,CoH;
Vinyl naphthyl 109.08 99.87 1123 109.2 106.23
CH,CH=CH-
B-ethyl naphthyl 102.0 85.34 98.52 . 85.87
CyoH,C-=CH,
Naphthyl 92.81 96.1 93.73 90.6 80.49 90.0 83.75 (93.0)
acetylene :
CyoH,CH
Naphthyl acetyl 186.62 189.42 177.52 166.1 152.1
radical
CioH,Cy
Naphthol —4.1 —2.16 -4.57 —7.14f . —6.1 —10.90 —17.36
C,oH,0H —(7.1)
Naphthoxy radical 26.28 29.24 16.27 28.0 27.6 17.03
CyoH;0-
Naphthyl Ethanol —13.2 —46.10  —20.09 -12.6 —15.84
C,oH,CH,0H
Naphthaldchyde : 7.57 11.71 0.87 7.3 7.3 6.69 (7.0)
C,oH,CHO
Naphthaldehyde 34.17 37.70 41.8 - 41.64
radical
CyoH,C-0
4-ethynyl-phenyl 182.04 149.5 147.5 180.11
1-vinyl radical
C,HCH,C,H-

*Estimates made with the program NIST 94 (Ref. 35).

bEstimates from Gaussian 94 according to Habibollazadeh et al. (Ref. 22). In parentheses are the Melius values (Ref. 31).

°Nonexperimental values quoted in the literature.
$Dorofeeva and Gurvich (Ref. 18).

“Doroteeva and Gurvich (Ref. 19).

fKudchadker ez al. (Ref. 24).

thalpy of formation of the 1-naphthyl-a-ethyl radical, the
enthalpy of formation of which had to be estimated with a
very high error margin.

5. Conclusions

In the present investigation it has been shown again that it
is very hard to rely on semiempirical calculations when they

are the only source for evaluation of the enthalpy of forma-
tion. However the differences caused by the different meth-
ods, AM1, PM3 or AMI1/UHF, for other thermodynamic
properties are negligible. Although for the sake of consis-
tency only the Gaussian 94 vibrations were used, the present
evidence shows that by using the MOPAC vibrations no sig-
nificant differences appear in the results.
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TABLE 46. Comparison of the thermodynamic data with the literature
NIST 94 Dorofeeva Stull ez al. Wang and Frenklach*® This study
T C, N C, N C, N C, S c, S
Compound X) (cal/mol K) (cal/mol K) (cal/mol K) (cal/mol K) (cal/mol K)

Naphthatene 300 333 79.5 31.79 79.99 31.89 80.42 31.6 80.2 31.749 79.653

1000 78.7 146.7 78.81 147.75 78.38 14736 78.674 147.148
Naphthyl radical 300 326 86.5 30.3 832 31.809 84.358

1000 74.9 151.0 14.537 149311
Naphthyne C,oHg 300 30.5 82.2 31.787 83.261
Dihydronaph- 300 34.1 86.82 34.406 85.89
thalene C;gH,)o 1000 86.52 160.2 86.379 159.510
C,0H,CH, 300 38.9 91.3 38.07 90.13 38.33 90.45 37.992 91.379

1000 90.5 168.5 91.06 168.83 91.21 168.99 92414 ©170.431
C,oH;CH,» 300 39.2 89.9 38.030 90.763

1000 83.1 166.1 88.287 167.899
CyoH,CH,CH;, 300 4.7 100.6 44.16 99.64 44.30 100.22 43.768 97.383

1000 103.0 189.1 103.7 189.63 103.79 189.95 105.545 187.931
C,oH,CH-CH; 300 442 979 44.665 100.839
C,oH,CH=CH, 300 432 96.9 41.771 . 96.063

1000 96.3 180.6 96.433 180.316
CoH,CH=CH- 300 407 100.2 399 100.8 41.579 96.871
C,oH,C=CH 300 415 94.4 39.6 91.2 40.850 93.936
: 1000 89.3 172.8 89.488 173.568
Naphthol 300 38.2 89.6 35.71 88.79" 37.771 88.199

1000 83.8 163.2 83.39 161.91 84.018 161.656
C,oH,CH,CH,0H 300 47.8 1113 : 46915 107.322

1000 107.2 204.2 107.322 201.127
Naphthaldehyde 300 984 91.991
C¢H4(C=CH)C,H, 300 39.6 91.5 34.830 88.070

“Reference of naphthol as taken by Dorofeeva from Kudchadker et al. (Ref. 24).
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